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This thes i s describes some i n v e s t i ^ t i o n e on,diffusion and 
oxidation behaviours of a few iron based and zirconium based metallic 
g l a s s e s . 
Metallic glasses have emerged as a new class of materials which 
have drawn the a t ten t ion of research s c i en t i s t s because of t he i r amorpJious 
nature and many a t t rac t ive proper t ies . CHAjETER I of t h i s d i s se r t a t ion 
gives a brief overview of the nature and properties of metallic g lasses . 
of 
Not many invest igat ions on diffusion in and oxidatio_n/the8e materials 
have been reported to date in the l i t e r a t u r e , hence the present study 
was undertaken. 
CHAPTER II presents an extensive l i t e r a tu re survey on diffusion 
and oxidation studies carr ied out in metal l ic g lasses . The diffusion of 
Au, Sb, Pb, Cu, Al, Bi , Pe and Ni was studied in binary metal-metalloid 
(PeQgB^Q, ¥e^2 ) and metal-metal (Zr Ni , x= 53, 35 and 39 at t) 
g l a s s e s . These studies were carried out on three different s t ruc tura l 
s t a t e s of the a l loy specimens, namely, as-quenched (Q' ) , relaxed (R) and 
c rys t a l l i zed ( c ) . In the begining of CH/PTER I I I , the specimen preparation 
methods for diffusion s tudies hf^ ve been described. The major problem 
per ta in , ng to dif'fusion studies in metall ic glasses i s re la ted to t he i r 
inc ip ien t c r y s t a l l i z a t i o n during annealing. Heme, the annealing time 
and temperature are limited and permissible values of these parameters 
o 
lead to small diffusion distances "^ a few hundreds of A. Diffusion 
s tudies in metallic glasses thus necessi ta tes the use of experimental 
0 
techniques with good depth resolut ion (typically-^2OOA), In the present 
work,diffusion measurements were carried out by using the techniques of 
Rutherford backscattering spectrometry (RBS) and Auger Electron Spectro-
scopy ( A E S ) . The basic principles af these techniques are described in 
CHAPTER I I I . The diffusion studies were carried out by depositing a 
o 
t h in f i lm (100-2000/0 of the diffusing species by the vacuum evaporation 
technique and determining the compositional depth prof i les before and 
a f t e r diffusion annealing treatment by the above mentioned techniques. 
The values of the diffusion coeff icients were evaluated by using the 
thick film solut ion of tlie diffusion equation whereever applicable ani by 
solving i t numerically in other cases . The pErocedure for data analysis i s 
described in d e t a i l in CSAEPER I I I . The oxidation studies were carried out 
on three commercial iron-based metall ic glasses - Pe„~Bp„, Pe_.B^_ t-Si, ^C^ 
and Pe^„Co.„B^ ,S i . . Oxidation in a ir atmosjiiere a t room temperature 
of lb 14 I 
(native oxide) as well as at high temperatures (a i r oxidation) and in an 
aqueous medium, containing 0.5 M I^SO adjusted to a pH 4.0 by the addition 
of HpSO., was inves t iga ted . The oxide films formed were arelysed by X-ray 
photoelectron spectroscopy (XPS) and jffiS. The basic principles of XPS 
and data analysis procedure are described in the end of CHAPTER I I I . 
In the beginning of CHAPTER IV the method of evaluating D has been 
i l l u s t r a t e d in a few typ ica l cases . The r e s u l t s are l a t e r tabulated in 
the sane chapter . Important features observed in each case have also been 
ind ica ted . The l a s t sec t ion of t h i s chapter i s devoted to a discussion on 
these r e s u l t s . Some of the main points pertaining to the diffusion studies 
could be summarized as follows: 
( i ) An er ror at r^ +5C^o in D was estimated in our measurements. The 
e r ro r s in the frequency fac tor , DQ , and the ac t iva t ion energy, Q, 
were calculated on the basis of l inea r regression ana lys i s . 
( i i ) The An diffusion measurements were made by using BBS as well as AES 
and the two se t s of r e s u l t s showed a reasonably good agreement. 
( i i i ) The D values obtained compared f a i r l y well with those reported in 
l i t e r a t u r e . 
( iv) A comparison of the measured D values with the extrapolated values 
for self and impurity diffusion in c rys ta l l ine so l ids indicated 
tha t the former are generally higher than the l a t t e r by a few 
orders of magnitude . 
(v) The s t ruc tu ra l re laxa t ion treatment was found to have an insignif icant 
effect on d i f fus iv i ty va lues . Diffusion in pre-crysta l l ized specimens 
was fas te r as compared with tha t in amorphous specimens in some i n s t -
ances . However, the opposite trend was also noticed in some cases . 
(v i ) A reasonably good agreement was found between the d i f fus iv i ty values 
obt-^ined in t h i s work and those reported in l i t e r a t u r e on the basis 
of c rys ta l growth data . 
( v i i ) The temperature dependence of the D ralues could be described s a t i s -
f ac to r i l y by the /xrheniuB law. 
( v i i i ) A cor re la t ion of diffusion data with other parameters suggested 
that the value of D decreases with increasing atomic size of the 
diffusing species . The quantity Q / ^ was found to be constant 
(within +15^) at 12.28. "^  
( i x ) The possible mechanism of diffusion involves cooperative movement 
of atoms. 
CHAPTER V deals with the presentation and the in terpre ta t ion of 
r e s u l t s of the oxidation and corrosion studies on iron-based commercial 
metal l ic glasses carried out in atmosphere and in an aqueous medium. 
XPS and AES analysis indicated the follcwing: 
( i ) Native oxide analysis revealed that iron was present in both Fe 
and Pe s t a t e s on the outermost surface . The boron enrichment in 
the form of boron oxide was found at and near the in te r face . In 
case of cobalt containing glass (Pe,„Co^„B..Si. ) , Co was l ike ly 
to be present at and near the interface as CoO 
( i i ) The a i r oxidation studies carried out in the temperature range 
423-613K showed the enrichment of the metalloids B and Si as the i r 
respective oxides in a l l eases . In f a c t , the r e l a t ive concentration 
of B in the oxide film snowed a decrease at higher temperatures 
( ^ 4 8 3 K ) . Amongst a l l the g lasses , Ye^^B^^ ^Si C^  (26 05 SC) glass 
had the thinnest oxide film and therefore a superior oxidation 
r e s i s t ance . It was observed tha t the oxide film formed was thinner 
on amorphous specimens than on the corresponding c rys ta l l i zed 
specimens. The thickness of the oxide film on 2605 CO glass in 
atmosphere a t room temperature was comparable to that formed on 
2605 SC - Hov/over, at higher temperatures, t h i s al loy had the highest 
fiLm th ickness . XPS analysis of oxide film formed at 573 K, 300 min 
indicated the formation of ^^n'^'^ ° " ^^^ surface. 
( i i i ) The corrosion studies in 0.^ M 1 ,^30. solut ion adjusted to pH 4 .0 by 
addition of HpSO showed that the glass Fe, Co B. Si displayed 
superior corrosion res is tance in t h i s medium as compared to other 
metallic g lasses , namely, Fe„-B„^ and Pe_.B. ^  _Si_ ^C„ . This was 
a t t r ibuted to the formation of Co ((E)^ in addition to PeOCH and 
FepO in the oxide f i lm. The maximum corrosion ra te was found for 
the case of Pe^^Bo. on the basis of weight loss measurements. 
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CHAPPER I 
INTRODUCTION 
1.1 IKTRODUCTIOI 
There have been many sc ien t i f i c and techn»logical breakthroughs 
in the f ie ld of Rapid Sol idi f ica t ion of metal l ic a l loys during the l a s t 
two decades. As a r e s u l t , the amor|iious metallic a l loys or the so-called 
meta l l ic glasses have emerged as a new c lass of mater ials which has 
fasc inated the materials s c i en t i s t s and the solid s t a t e jfcysicists who 
channelised the i r research a c t i v i t i e s in understanding the various aspects 
of t h i s h i ther to unknown materials which appear to have potent ia l 
technological app l i ca t ions . 
A landmark in the h i s t o ry of rapid so l id i f i ca t ion was set by 
Prof. Duwez and h i s coworkers / 1 , 2 / in I960 when they, for the f i r s t 
time reported the formation of an amorjiious metal l ic al loy l>y rapid 
quenching of a l iquid Au-Si a l loy to l iquid nitrogen temperature. This 
discovery heralded the era of metall ic g l a s ses . Prior to t h i s , amorphous 
metals had been prepared by other methods such as vapor deposition and 
electrodeposit ion / 5 , 4 / . Another remarkable sc ien t i f i c aohievement of 
the Duwez group i s re la ted to the synthesis and production of ferromagnetic 
g lassy alloys during 1966-1970. Tsuei and Duwez / 5 / in 1966 and Duwez and 
Lin / 6 / in 1967 found ferromagnetism in alloys of compositions ^^^Q^°-^2^^2 :>' 
P<__, Pe- Si„_ and Pe„_ P . - C„. I t was during t h i s time that the potential 
for the possible indus t r i a l applicat ions of metal l ic glasses was real ized 
by the sc ien t i f i c community which led to a rapid advancement in the 
technique of rapid quenching. Once the in te res t ing soft magnetic proper-
t i e s of the ferrous metallic glasses were discovered, a technological 
breakthrough in the production methods of the amorfiious alloys on a 
commercial scale became inev i t ab le . And th i s was real ized at the beginning 
of seventies when the pisnmr- flow casting technique was invented to produce 
amorphous metals of sufficient width in a continuous operation / 7 , 8 / . The 
a v a i l a b i l i t y of the amorphous a l loys drew the a t t en t ion of many sc i en t i s t s 
who i n i t i a t e d research a c t i v i t i e s with a view to understanding the structure 
and physical , chemical, magnetic, mechanical and e l ec t r i c a l properties of 
2 
t he se amorphous a l l o y s by the a p p l i c a t i o n of a v a r i e t y of experimental 
t echn iqur i s . Bes ides an apprec ia ' j l e quantum of exper imenta l work done so 
f a r , many a t t empts have been jaade t o e x p l a i n the s t r u c t u r e of these 
amorphous a l l o y s in terms of va r ious models / 9 - 1 4 / . Moreover, many 
i n t e r e s t i n g p r o p e r t i e s of amorphous a l l o y s were d iscovered i n the 
s e v e n t i e s which a l s o wi tnessed a growing i n t e r e s t i n t h i s new c l a s s of 
m a t e r i a l s as became ev iden t by a manifold inc rease in t h e number of 
r e a « « r c h c o n t r i b u t i o n s . Another s i g n i f i c a n t achievement has been the 
commercial a v a i l a b i l i t y of t h e amorphous a l l o y s which were patented by 
such t r a d e names a s : METGLAS (All ied Corpora t ion , USA), AMOMET (Japan) , 
VITRO VAC (Vakuumschmelze, E R G ) . 
So f a r we have b r i e f l y t r a c e d the h i s t o r i c a l development of the 
amorphous m e t a l l i c a l l o y s . These amorphous a l l o y s c o n s t i t u t e a new c l a s s 
of m a t e r i a l s and possess a v a r i e t y of d e s i r a b l e p r o p e r t i e s some of which 
a r e even s u p e r i o r t o t h e i r c r y s t a l l i n e c o u n t e r p a r t s . These p r o p e r t i e s 
a r e determined by t h e i r atomic arrangements and a re ve ry s e n s i t i v e t o 
h e a t t r ea tmen t l ead ing t o rearrangements of atoms i n them. All 
p rocesses which involve atomic rearrangement a re c o n t r o l l e d by the d i f f -
u s i o n of a toms. There fo re , we s h a l l b r i e f l y d i s c u s s i n the fo l lowing 
s e c t i o n some important a s p e c t s of m e t a l l i c g l a s s e s which are a l s o 
importat t from the point of viev of unders tanding -he atomic d i f fu s ion 
processes in them. In a l a t e r s e c t i o n some important po in t s r e l a t i n g t o 
the ob jec t of t h i s s tudy are d i s c u s s e d . 
1 .2 METALLIC GLASSES 
Meta l l i c g l a s s e s are n o n - c r y s t a l l i n e o r amorphous s o l i d s 
l a c k i n g the long-range p e r i o d i c i t y of the atomic arrangement and are 
o b t a i n e d by the r a p i d quenching of m e t a l l i c m e l t s . In c o n t r a s t t o the 
i n s u l a t i n g oxide g l a s s e s , they a re opaque, more dense ly packed and the 
I n t e r a t o m i c bonding between them i s e s s e n t i a l l y m e t a l l i c In c h a r a c t e r . 
However, they do e x h i b i t such p r o p e r t i e s as s t r u c t u r a l r e l a x a t i o n , a 
g l a s s t r a n s i t i o n and c r y s t a l l i z a t i o n which are commonly observed i n 
n o n m e t a l l i c g l a s s e s . In s h o r t , the me ta l l i c g l a s s e s maybe considered 
t o be s o l i d s wi th the l i q u i d s t r u c t u r e f rozen i n . A casua l i n s p e c t i o n 
would not d i f f e r e n t i a t e between a m e t a l l i c g l a s s and a common m e t a l , 
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however, the glassy nature of the former can be confirmed by observing 
a few diffuse halos in I t s X-ray, electron or neutron di f f ract ion pat tern . 
1.2.1 Liquid-Glass Transi t ion 
A l iquid of a single component system so l id i f i e s into a c rys ta l l ine 
product when cooled below i t s melting temperature T . However, if by non-
equilibrium cooling t h i s s tep i s suppressed, the l iquid i s supercooled into 
a g l a s s . Fig.1 .1 shows the typ ica l plots of v i scos i ty % , volume V and 
in te rna l energy H for such a transformation /^5/ . As shown in Pig.1.1 
these properties change discontinueusly upon c r y s t a l l i z a t i o n , but change 
rap id ly and continuously with temperature as the l iquid undergoes a 
t r a n s i t i o n into the glassy phase. At suff ic ient undercooling, l l becomes 
very large and consequently at such a high v i s cos i t y , atomic motions are 
re tarded and re laxat ion times for atomic rearrangement become comparable 
to or greater than the time taken for experimental measurements. Therefore, 
s p a t i a l atomic configuration remains v i r t u a l l y unaltered during l iquid-glass 
t r a n s i t i o n . The temperature T tha t marks the t r a n s i t i o n from equilibrium 
to frozen-in non-equilibrium or iso-configurational s tructure i s known as 
the glass t r a n s i t i o n temperature. This glass t r a n s i t i o n temperature T of 
an a l loy i s not a unique parameter, but depends on the cooling r a t e . The 
higher the cooling ra te ( q . ^ t L ) , the h i ^ e r i s the value of T (^„i"^ ^ „ ) • 
Upon subsequent heating at a r a t e slower than e i the r q. or q^, the glass 
tends to re lax s t ruc tu ra l l y to a more stable glassy s ta te at temperatures 
far below T as indicated by a dashed l ine in P ig .1 .1 (b ) . Annealing at 
elevated temperatures can also lead to the c ry s t a l l i z a t i on of a g l a s s . 
This can be observed by performing a continuous heating experiment with a 
constant heating r a t e using a d i f f e ren t i a l scanning calorimeter (DSC) . 
The techniaue of DSC i s used to determine T and Ty, the temperature at 
which glass begins to c rys t a l l i ze as shown in a typica l DSC thermogram 
in P ig .1 .2 . There can be a single or multiple exothermic peaks (T^^ > T ^ 
as shown in Pig.1 .2) demonstrating that the c ry s t a l l i z a t i on of the super-
cooled l iquid into the equilibrium crys ta l l ine s t ruc tures can involve 
number of transformation events . Tg i s determined by observing an endo-
thermic effect over a small temperature i n t e r v a l . In cases where T "^  T , 
g ^ 
the glass crystallizes directly. 
I 
TEMPERATURE. 
Fig.I.I. Schematic drawings of tht temptroture dependence ofCo) viscosity 
r^  and (b) specific volume V end heat content H in a glassy 
alloy. 
TEMPERATURE (K) 
Fig.i.2 A typical DSC thermogram showing glass transition tetnp@roture 
Tg and crystalliiatlon temperature Tx. 
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Besides formation of glass,such s t ruc tura l modifications in 
a l loys as the extension of solid so lub i l i t y , the formation of grains end 
the refinement of gra in size of the sol id i f ied al loys and formation of 
metastable c rys t a l l i ne phases are a l so observed as a resu l t of rapid 
s o l i d i f i c a t i o n . This i s determined by the degree of undercooling which 
i s a function of several factors l ike the i n i t i a l v i s cos i ty , the ra te of 
increase of v i scos i ty with undercooling, the volume density and efficiency 
of heterogeneously nucleating p a r t i c l e s , the imposed cooling ra te e t c . 
/ 1 5 / . 
1.2.2 Glass Forming Abil i ty (GPA) 
The glass forming a b i l i t y of metall ic al loys (GPA) I S a measure 
of the tendency of glass formation from t h e i r mel ts . The c r i t e r i a for 
g lass formation have been categorised as s t ruc tu ra l and k i n e t i c . The 
s t ruc tu ra l c r i t e r i o n deals with geometric atomic arrangements, bonding and 
atomic size effects / 1 6 / while the kinet ic c r i t e r i o n considers the ra te of 
cooling r e l a t i v e to the k ine t ics of c ry s t a l l i z a t i on / 1 7 / . In f a c t , these 
two c r i t e r i a are complimentary. 
Among the k ine t i c c r i t e r i a , a simple parameter that has been 
found espec ia l ly useful for expressing GPA i s the reduced glass t r ans i t ion 
temperature, T = T /T]_, the r a t i o of the glass t r a n s i t i o n temperature to 
the l iquidus temperature . High values of T favour g lass formation and 
T '^0 .45 for known glass-forming a l l o y s . Chen and Jackson / 1 8 / by 
drawing the time-temperature-transformation diagram (TTT curve) as given 
in P ig .1 .3 showed that the c r i t i c a l cooling rate-T for g lass formation i s 
the cooling ra t e necessary to bypass the 'nose' of the TTT curve and i s 
given by 
T = (T -T )/ t ' ( I ' l ) 
c ^ 1 N^ '^  N . 
where T and t . are the coordinates of the nose in the TTT diagram. 
• 10 2 
Typica l ly , T^ var ies from 10 K/s for pure metals such as JTi to 10 K/s 
for easy glass forming al loys such as Pd-Cu-Si and has intermediate 
values .'«v>10 K/s for average glass formers such as Au-Si, the corresponding 
reduced glass temperatures being 0.25, 0.66 and 0.5 respec t ive ly . I t was 
fur ther pointed out by Donald and Davies / 1 9 / that a high cooling ra te 
w 
< 
f 
m 
n 
TIME (LOO) 
Fiq.1.3. Schematic TTT diagram for crystal growtti in on undercooled melt, 
showing (a) fast cooling to form a glass (b) isothermal heat treatment 
of the glass at a temperature T > Tx giving crysfollization at time 
tx and (c) slow heating of the giass producing crystallization ot Tx. 
1600 
Ft 
10 20 30 
A T . % B 
20 40 60 ae 
AT %Ir 
Fig.1.4. Phase diagrams of (a) Fe-B, and Cb) Zr-Ni systems. Oiass Fcri 
range is indicated at the bottom of the diagrams by the hatchdi 
regions. 
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as well as a small cooling increment ( T , - T ) are required for glass 
formatio- . This emphasizes the lecessity of a low liquidus temperature 
of the glass forming a l loys . 
All the glass forming al loys show strong in teract ion between 
conet i tuent atoms as indicated by a negative heat of mixing (^\)y and 
r e l a t i v e l y low melting temperatures T . This i s conmonly manifested by 
the formation of intermetal l ic phases of the A B, A B or AB type in an 
a l l oy A-B, which par t ic ipate in r e l a t i ve ly low melting eutect ic react ions, 
T /T siO.e for these glass forming alloys compared to T ^ ^ ^iO.8 for 
normal eutect ic systems, Tp, and T are the eutect ic temperature and the 
melting temperature of the major element A. Marcus and Turnbull / 2 0 / 
defined a reduced liquidus temperature 
^ ^ I r " '^^ 1 " ^ 1 ^ / ' ^ l ^^'^^ 
where A T , measures the departure of the l iquidus temperature T, from 
the ideal solut ion (enthalpy of formation A H=0) l iquidus temperature 
o 
T- which i s estimated from the heat of fusion and meltiiag temperature of 
the solvent and the concentration of the s o l u t e . Increasing positive 
values of A T , indicate increasing ease of glass-formation. This 
c r i t e r i o n f a i l s for glass-formers such as Nb-Ni or Cu-Zr, so Donald and 
Davies / 1 9 / suggested the use of the departure of al loy l iquidus 
temperature T-, from the rule of mixtures l iquidus temperature, 
where T i s the w e i ^ t e d average of the melting point of the components 
T^ = Tf 0. + T^ CL (1.4) 
m m A m ^ 
I t was found that a value of T, = 0.2 separates g lass forming and 
non-glass forming systems. 
From a large number of data compiled by Mader et a l , / 2 l / > i t 
appears that a minimum atomic size difference of at leas t 10^ i s 
necessary to s t ab i l i z e a metal l ic g l a s s . More spec i f ica l ly , an appreci-
able size difference (r^/r <^0,88 oT^ 1.12) between the components in 
the glassy a l loy i s a necessary requirement for ready glass formation. 
However, even in systems with an unfavourable size r a t i o ( e .g . Pd-Si) 
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very stable g lasses have been produced. So, the effect of size factor 
s t i l l remains inconclusive. 
Based on a nearly f ree-electron solid model of a g l a s s , Uagel 
and Tauc / 2 2 / predicted that the g lass jiiase should be r e l a t i ve ly more 
s t ab le at the compositions v\^ere the Fermi level i s at a minimum in the 
densi ty of s t a t e s , and the Permi vector 2 Kp, i s equal to the wave vector 
of the f i r s t peak in the s t a t i c s t ructure fac tor , i . e . . 
y = 2 | ^ | (1.5) 
This c r i t e r i o n a lso does not make any universal predict ions . I t was 
fur ther suggested by Chen / 1 8 , 2 3 / that the dee tabi l iza t ion of the crys-
t a l l i n e mixture near the eu tec t i c composition determined the s t a b i l i t y 
of the amorphous phase. Q?he eutect ic composition and the glass-formlrg 
region appear t o be determined by the re la t ive magnitude of / j G, the 
free energy dif ference, of the competing c rys ta l l ine and l iquid ptiases. 
So far we have diecuBsed various factors which can decide on 
the GPA of a l l o y s . However, there does not exis t a theory of g l a s s -
formation in metall ic al loys vrtiich can make universal predict ions. A 
c l a s s i f i c a t i o n , of the alloy systems tha t form meVI l ic g lasses , based 
on the chemical c l a s s i f i ca t ion of conet i tueats i s given in Table 1 .1 . 
The jix.B.ae diagrams of Pe-B (metal-metalloid) and Zr-Ni (metalnaetal) 
systems are shown in P ig .1 .4 . I t i s c lear that the glass forming 
composition range (as given in TABEE 1.1) in these systems l i e near the 
e u t e c t i c composition. 
Besides binary metall ic g lasses , ternary and multicompcnent 
g lasses such as Bd-Gu-Si, Pe-Ni-P-B have also been prepared. The admix-
tu re of g lass forming binary al loys or the addit ion of- third elements, 
which have different atomic r a d i i and different c rys ta l l ine intermetal l ic 
compound synnnetry, ehhancee d r a s t i c a l l y both the s ta l l i l i ty and the g lass -
forming a b i l i t y (GPA), mainly due to the lowering of the eutec t ic 
temperature. 
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T/iBIE 1.1 C l a s s i f i c a t i o n of g lass - forming a l l o y s 
C la s s 
Tp (or noble )-M 
( m e t a l - m e t a l l o i d ) 
T -Tpfor Cu) 
( m e t a l - m e t a l ) 
A-B 
T^- A 
A c t i n i d e - T 
Tg-R 
1 
Systems 
B i - S l , Pe-B 
Co-P, Au-Sl , e t c . 
Zr-Ni , Ti -Ni 
Zr-Cu 
Nb-Ni 
Mg-Zn 
(Ti-Zr)-Be 
U-V, U-Cr 
Co-Gd 
Typ ica l compoeit ion range 
( a t , ^ ) 
15-25M 
5 0 - 4 % 
40-65Ni 
25-35Zn 
29-60Be 
2 0-4 or 
1 
'-v/20Gd 
A= I d , Mg metal groups ; T^ =s e a r l y t r a n s i t i o n meta l (Sc , T i , V groups) ; 
Tp= Late t r a n s i t i o n metal (ifc, Fe , Co, Ni g roups ) ; B=Ou, Zn, Al g roups , 
M= Meta l lo ids B,C,Si ,P ,Ge; R= r a r e - e a r t h m e t a l , 
1 .2 .3 Techniques of Glass Formation 
Most m e t a l l i c g l a s s e s r r e produced a t a r e l a t i v e l y h ig^ c o o l i i ^ 
r a t e of 1CPK/S or h i g h e r which i s achieved by sp read ing a t h i n l a y e r of 
l i q u i d i n good c o n t a c t wi th a h i g h l y conductive s u b s t r a t e . We s h a l l 
b r i e f l y desc r ibe below the v a r i o u s methods of g l a s s f o r n e t i o n . 
Pas t Liquid Quenching Techniques 
These include the so c a l l e d 'gun' t e c h n i q u e , ' p i s t o n and a n v i l 
t e chn ique ' and m e I t - s p i n n i n g . In gun technique a s n » l l l i q u i d a l l o y 
g lobule i s p rope l l ed in to smal l d r o p l e t e by means of a shock tube and 
the d r o p l e t s a re sprayed i n t o t h i n f o i l on a copper s u b s t r a t e (Pig.1 . 5 a ) . 
The d i sadvan tages of t h e 'gun ' t e chn ique , i . e . , the non-uniformity in 
t h i c k n e s s and i r regvi la r shapes of quenched specimens could be overcome by 
t h e development of ' p i s t o n and a n v i l ' t e c h n i q u e . In the ' p i s t o n and a n v i l ' 
technique a f r e e l y - f a l l i n g d r o p l e t i s c a u ^ t and squeezed between a 
s t a t i o n a r y a n v i l and a moving p i s t o n r e s u l t i n g i n the product ion of a 
1 
Shock Tubt — 
Qrapltit* Spacers 
A 
Cu Strip 
TO Clamping devica 
Clomp for 
/Srophitt Contoinar 
( c ) 
ROLL 
Photo - Coil 
\ 
5102 Tubs 
Llfht t«M7C« 
( b) 
Fig.1.5. Schsmotic drawing of various glass formation techniquat 
(a) gun technique, (b) piston and anvil teclmique and 
(c) melt spinning technique 
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uniform disc of solid ngiterial (Fig .1 .5b) . 
The most commonly employed technique for continuous production 
of metall ic g lasses i s melt-spinning / 8 , 2 4 / . This involves the eject ion 
of a stream of l iquid on to a ro ta t ing substrate on which a molten puddle 
i s formed (P ig .1 .5c ) . The lowermost layer of the puddle f i r s t gets 
s o l i d i f i e d . When t h i s layer moves forward i t s thickness progressively 
increases , t i l l i t leaves the puddle and then gets thrown off from the 
wheel by the centr i fugal force . The thickness of the ribbon formed 
depends on the length of the puddle, l inear ve loc i ty of the wheel rim 
and the ra te of increase of the v i scos i ty of the l iquid with undercooling. 
The ribbon gets cooled at a f a s t e r ra te on the wheel side (the side 
touching the wheel) compared to the a i r side (side exposed to a i r ) . 
Depending on the formation parameters the ribbon formed may be e i ther 
p a r t i a l l y or fu l ly amorphous. In the case of a pa r t i a l l y amorphous 
r ibbon, the volume density of c rys ta l l ine phase increases from wheel side 
t o a i r s i d e . Ribbons, '*O50i((,m thick and 'V'lQmm wide, have been success-
f u l l y produced in the author 's laboratory. Zr-based metallic glasses 
studied in t h i s work were produced by t h i s technique. 
E lec t ro ly t ic and Vapour Deposition 
Elec t ro ly t ic and v a p c r deposition techniques have been used 
much e a r l i e r t o produce amorphous metals / 3 » 4 / . A number of nominally 
pure metal l ic elements, pa r t i cu la r ly high melting t r ans i t i on metala, 
have been produced in amorpiious solid films by evaporation or sputtering 
on to a substrate at very low temperatures. However, the s t a b i l i t y of 
the amorphous films i s seen to be very sens i t ive to deposit ion condit ions. 
These techniques have been used t o produce a number of amorphous alloys 
Cu-Ag, Co-Au / ^ 1 / by co-evaporation and Fi-B by electrode posit ion / 2 5 / . 
I r rad ia t ion 
/morphization can also be achieved by i r r ad i a t i on of the c r y s t -
a l l i n e material by neutrons, protons, deutrone, » ^ - p a r t i c l e , f i ss ion 
fragments e t c . Amorphous al loy layers have also been produced by ion-
implajitation method / 2 6 / . A metall ic glass can be formed on surfaces by 
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a lase r beam ( laser g l az ing ) . A detai led survey on various fabricat ion 
methods i3 piven in references /xi,')-'^/. 
1.2.4 Structure and Defects 
X-ray, e lectron and neutron diffraction methods have mostly been 
used to characterize the structure of the metallic g l a s se s . The Fourier 
transform of the scat tered in tens i ty i s re la ted to the r ad ia l dis t r i l iu t ion 
function (DRF) 47Tr y ( r ) , which represents the average number of atoms 
in • spherical shel l of radius r and thickness unity and P ( r ) i s the 
r a d i a l density funct ion. Mother important function commonly used in 
s t ruc ture studies i s the interference function l (k ) which i s the r a t i o 
of the measured scat tered radia t ion from K atoms Ivr(k) over the mean 
square of the sca t t e r ing fac to r s , namely 
I ( k ) = I ^ ( k ) / [ N l f (k ) | 2 ] (1.6) 
with k=:4?TSin 0 / / \ being the magnitude of the sca t te r ing vec tor . Other 
commonly used functions on structure determination are the reduced r ad i a l 
d i s t r i b u t i o n function G(r) and the reduced interference function P(k), 
and the pair d i s t r ibu t ion function g ( r ) which are re la ted by 
G ( r ) . 47,r r f ( r ) - j ^ J ] ( l . 7 ) 
p(k) = k j ' l (k) - l j (1.8) 
G(r) := 2_ i F(k) Sink rdk ( l . 9 ) 
•^ i 
g ( r ) = J.'(r) / p^ (1.10) 
where r© i s the average atomic density of the g l a s s . 
The average atomic d i s t r ibu t ions in the gas , l iqu id , amorphous 
and c rys ta l s t a t e s as ref lected in t h e i r respective pair d i s t r ibu t ion 
functions g ( r ) are shown schematically in F ig .1 .6 , where SQ represents 
the atomic hard core diameter. The atonic d i s t r ibu t ions in the amorphous 
s t a t e resemble more c losely to tha t in the liquid s t a t e . In lioth the 
l iqu id and the amorphous s ta tes the atoms are randomly dis t r ibuted in a 
nearly close-packed s t ruc ture , with a short mean free path, comparable 
with the atomic s ize ; the coordination number of nearest neighbour atoms 
( i ) 5 ( i ) i 2^11.t? ( i ) 9 
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i s about 11 in both c a s e s . However, the average atomic configurations in 
the l i q u i i s ta te are more homoge;-3ous than those ir. the amorphous s tate 
when averaged over time and space because of the r e l a t i v e l y high atomic 
mobility in l i q u i d s . This means that the atomic configurations in the 
amorphous s t a te are more r i g id compared with those in the l iquid s t a t e . 
The KDF, G(r) and g ( r ) of an amorphous Ye^r^no ^-'-^°y ^^ ® i l l u s -
t r a t e d in P ig .1-7 . / ? ' ) / . The general features of the structure of the 
amori*ious metals as observed from these plots are s imilar to those of 
the l iquid except a s p l i t t i n g in the second peak in case of the former. 
The r a t i o (rp/r ) of the position of the f i r s t peak (r. ) t o that of the 
second peak (r^ ) in the amorphous s t a te i s nearly equal to the constant 
value of about 1 .67. This i s close to the mean value between the c/a 
r a t i o in close-packed hexagonal s t ructure ( i . e . c/a = I .63) and the 
r a t i o of the th i rd atomic shal l radius to the nearest neighbour distance 
in fee s t ructure ( i . e r /T^I .73) . This implies that the short range order 
of the near neighbours in the amorphous state i s affected more or l ess liy 
the atomic arrangement of c rys t a l l ine s t a t e . However, from the s imi la r i ty 
of the gross features of G(r) and g ( r ) , the basic configuration of atoms 
seems to be l i q u i d - l i k e . Such invest igat ions have led to the following 
conclusions on the s t ructure of metal l ic g lasses : 
( i ) I t ; 3 a homogeneous, but dirordered s t ructure , i . e . , there ex i s t s 
short-range topological order in a metallic g l a s s , but no long range 
order as observed in the corresponding c r y s t a l , 
( i i ) I t i s a densely packed s t ructure having packing density comparable 
to that in a c rys ta l l ine s t r u c t u r e . The f i r s t metall ic coordination 
number var ies from ! • to 13 depending on the system. 
(ii i)Nonmetallic atoms (in metal-metalloid g lasses) have about 9 
metallic neighbours. 
( i v ) The smaller metalloid atoms in metal-metalloid (M-Jfe) glasses do not 
come into d i rec t hard sphere contact while in metal-metal (M-M) alloys 
metal atoms are dis t r ibuted more or less randomly. This may be part ly 
explained due to the r e l a t i v e l y hard core of d shell of t r a n s i t i o n 
metals and par t ly due to the weaker interatomic interact ions in the 
metal-metal system w^ich favour random mixing. Moreover, the much 
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softer s-p type bonding of metalloid atoms f a c i l i t a t e s preferred 
bonding among metal and metalloids / 3 0 / . 
(v) Interatomic distances are not those found in fee or hep s t ruc tu res , 
except the f i r s t one. Signif icant ly, ^[Tatcmic distance charact-
e r i s t i c of octahedral s i t e s in close-packed c rye ta l l lne fee a i^ hep 
s t r u t t u r e s i s missing. 
S t ruc tura l Models 
Based on such observations from di f f rac t ion s tud ies , yarious 
s t r u c t u r a l models have been proposed: ( i ) continuous-random, ( i i ) micro-
c r y s t a l l i n e , and ( i i i ) amorphous c lus te r models. The appl icat ion of any 
of these models to describe the s t ructure of an amorphous system depends 
on how 'bes t ' i t can reproduce the experimentally observed d i f f rac t ion 
d a t a . 
The f i r s t approach i s similar to that of Bernal who f i r s t gave a 
model of randomly packed hard spheres t o explain the s t ruc ture of 
l i q u i d s / 3 1 / . The dense random packing has been established e i ther by 
physical construction of a large number of equal s t ee l b a l l s /12 ,32-33/ , 
computer algorithms, or theore t ica l calculaticais / 3 4 - 3 5 / . Different 
polyhedra ifrfiich cons t i tu te a dense random packing of hard spheres ( D R H S ) 
axe shown in P ig .1 .8 . The P^Rns model leads to a s t ructure that maximizes 
the loca l dens i ty . The packing f ract ion of the steel-4)all model / 1 2 / i s 
0.637 which i s less than the value of 0.741 for to% or ideal hep close 
packing. The metall ic g lass structure resenibles a close packing of 
t e t r a h e d r a . All these models yield the s p l i t t i n g of the second peak of 
G(r) as shewn in P i g . 1 . 7 . However, the r e l a t ive in t ens i t i«e of the two 
components of the s p l i t second peak are reversed and t h e i r r e l a t ive 
pos i t ions Tp/r. and r ' / r are l a rge r . This discrepancy between the model 
and experimental data may be eliminated e i ther by relaxing the computer-
b u i l t or physically constructed models /36 -37 / . 
I t has been further shown by dif f ract ion experiments / 3 8 / and 
extended X-ray absorption fine s t ructure (EXAPS) measurements / 3 9 / that 
a chemical short range order e x i s t s in metallic g l a s se s . Gaskel / 4 0 / has 
proposed that s t ruc tu ra l models for metal-metalloid glasses should be 
based on the random stacking of larger structursil uni ts such as t r igonal 
TETRAHEDRON TRIGONAL PRiSM ARCKiMEDIAN DODECAHEDRON 
OCTAHEDRON ANTIPRiSM 
OCCUR IN6 
% 86.7 5.3 
( 0 ) 
0.5 3.7 
( b ) 
Fig. I.8.(a} Idealized polyhedral holes present in Bernat's 
DRPHS topology. 
Fig. 1.8(b) Regular trigonal prismatic coordination polyhedron 
( as used by Qaskeil ) 
12 
prismatic uni ts instead of single atoms. This was done in case of 
Pd_^6i^ ^ and a continuous randc i s t ruc tura l model ^ae constricted by 
choosing a ten atom unit consist ing of central Si atom and i t s nine Pd 
n e i ^ b o u r s in the form of a capped t r igonal prism. 
I t has been suggested that some amorphous al loys have a micro-
c rys t a l l i ne s t ructure /^^ , 4 2 / . Microcrystalline models propose a 
heterogeneous s t ructure in which misoriented c r y e t a l l i t e e 'conteiining 
several atoms are separated by regions of noncrystall ine material /43»44/. 
However, an unambiguous d i f fe ren t ia t ion between a fu l ly amorphous and a 
microcrysta l l ine metal i s not possible from di f f rac t ion experiments 
because of the l ine broadening effect which occurs as the c rys t a l s become 
0 
progressively smeller , i . e . , a metal with a gra in size of 8 t o 16A would 
have a f i r s t peak width typica l of that observed for amorphous meta ls /45/ . 
Amortfaous c lus te r models const i tu te another type of heterogeneous 
s t ruc tu r a l models, based on noncrystallographic but h i ^ l y ordered low 
energy atomic c lu s t e r s as the s t ruc tu ra l u n i t s . Hor.re/46/ and Briant / 4 7 / 
have proposed that low energy, non-crystallographic c lus te rs may be 
important as s t ruc tu ra l uni ts in some amorphous metals or a l l oys . However, 
microcrystal l ine and amorphous c lus t e r models suffer from a drawback that 
the interconnecting configurations a t the boundaries and the c r y s t a l l i t e 
o r i en ta t ions are not described On the contrary, the contimous random 
models are homogeneous. All these s t ruc tura l models are determined by 
sophis t icated computation methods using computer simulation techniques, 
molecular dynamics or Monte Carlo methods /48-50 / . 
Qual i ta t ive ly , the DRPHS s t ruc tu ra l models yield a g ( r ) in good 
agreement with the experimental data for amorphous metals and many typical 
metal-metalloid glasses such as Pd-Sl, Ni-P and Pe-P /12 ,51 ,52/ , However, 
the agreement between the model and experimental d i s t r ibu t ion functions 
fo r Pe-B alloys i s r e l a t i v e l y poor / 5 2 / (see P i g . 1 . 9 ) . The s t ruc tu ra l 
models based on DRHiS give only a poor descript ion of the experimental 
d i f f r a c t i o n pat terns in case of metal-metal glasses showing several 
f ea tu re s tha t are indicat ive of a r e l a t i v e l y h i ^ degree of short range 
2 S 4 ~5 
r ( SPHERE DIAMETERS) 
Fig. 1.9. A comparison of th« structures of (a) Ni P / 5 l / 
76 24 ' 
and (b) Feg^Bjg j amorphous alloys. 
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order as observed in case of Nb-Ni, Ta-Nl, Cu-Ti /4-l^'53/. A s t ruc tu ra l 
model for amorjiaous i n t e r t r an s i t i on metal a l loys based on a random 
stacking of the typica l co-ordination polyhedra (icosahedra and Frank-
Kaeper polj^iedra) wae proposed by Wang MH/-
Defects 
So far we have b r i e f ly discussed the various structviral modela 
of amorphous a l l o y s . Now the question a r i s e s : What kind of defects exis t 
in an amoriiious metallic a l loy ? A def ini te answer to t h i s question i s 
s t i l l e l u s i v e . However, the poeitron annihi la t ion experiments have shown 
tha t ( i ) amorjiious al loys do not contain many 'open spaces' larger than 
the atomic volume / 5 5 / , and ( i i ) plas t ic deformation, e . g . , cold-rol l ing 
induces nei ther vacancy-like defects nor highly localized atomic 
defects / 5 6 / . 
A theore t ica l approach to the study of defects in amorphous 
systems is t o introduce defects sljmilar to c ry s t a l l i ne point or l ine 
defects in highly ordered s t ruc tu ra l models and to observe t h e i r evolution 
and s t a b i l i t y . Such studies have indicated that vacancies are not stable 
in an amorphous system / 5 7 , 5 e / . Dislocation l ike defects have been postu-
lated t o explain the sharp bands that occur during plast ic deformation at 
high strei^ses and low temperatures / 59 ,60 / . Howevei, there i s no direct 
evidence available for t he i r occurrence. 
With the present knowledge of defects in amorphous a l loys , i t 
can only be stated tha t defects in amorphous systems d i f fe r in man;'- ways 
from those in c r y s t a l s . Both point and l ine defects seem t o be more 
delocalized or diffuse in amorphous systems. Another c l a s s i f i ca t ion has 
lieen made for the defects in amorphous systems based on local f luctuat ions 
In the short-range order (SRO). Depending on the property that i s used to 
character ize the SRO, the f luctuat ions can be characterized in different 
ways / 6 1 / . This approach i s used to characterize the t ransport properties 
of l iqu ids and polymers. The basic feature in a diffusive atomic r e a r r a -
ngenent i s a change of nearest n e i ^ b o u r s . This i s accomplished 1»y 
vacancies in c r y s t a l s , but in amorphous systems i t can be assumed to occur 
by a 'd i f fus ion defect ' based on free-volume f luctuat ion model. 
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This model, developed by Turnbull and Cohen /S2 / i s based on a specific 
atomic mechanism for defect rear^sngement. The average atomic free 
volume V. of a system i s defined as the difference between i t s average 
atomic volume V and the average atomic volume of dense random packing (DRP). 
I t ie assumed that the free volume can be red is t r ibu ted among a l l the atoms 
without changing the energy of the system. If the local free volume of an 
atom becomes larger than some c r i t i c a l value V*, the atom can escape from 
i t s nearest ne i^bour 'cage ' and perform a diffusive or shear flow jump, 
thus giving r i s e to 'd i f fusion ' or 'flow' defects- The c r i t i c a l free 
volume V*, i s roughly equal to the volume of the metal ion xera* Although 
the o r ig ina l formulation of the free volume model ixrvolved only a single 
atom jump, i t can be generalized to involve the motion of several atoms, 
contained in a local defect volume say VQ. When the enou^ free volume i s 
co l lec ted in VQ, the atom can undergo a shear transformation under the 
ac t ion of a s t r e s s . Another important feature of these defects i s t he i r 
ann ih i l a t i on . The annih i la t ion of these defects or the 'extra free volume' 
i s important during s t ruc tu ra l re laxa t ion in the glassy s t a t e , w*iere the 
system contains a nonequilibrium amount of free volume which i s continually 
being annihilated u n t i l metastable equilibrium i s reached. Hence, a 
' r e l a x a t i o n defect ' can be visual ized in an amorphous system and i t can be 
any s i t e in the sunorphous systei. which, upon rearr'^ ngement of atoms af ter 
a free volume f luc tua t ion , moves at l eas t part of t h i s volume e l a s t i c a l l y 
out t o the specimen boundary. This d i s t inc t ion made above between 
'd i f fus ion ' , 'flow' and ' re laxat ion ' defects i s helpful in providing a 
q u a l i t a t i v e explanation for possible difference in the respective atomic 
t rans po r t pro pert ie s . 
We have very br ie f ly brought out some sal ient features concer-
ning the s t ruc tu re of amorphous alloys and possible defects in these 
ma te r i a l s . A more detai led account on th i s subject can be found in many 
excel lent reviews available in l i t e r a t u r e /61 ,63-69 / . 
1 ,2 .5 Properties 
A general comparison of the charac te r i s t i c propert ies of metals, 
metallic g lasses and oxide glasses / 7 9 / i s presented in TABIil 1.2. 
Metallic glasses display unusual combination of pfaysical, mechanical, 
magnetic and chemical properties v;hich often make them superior to the i r 
c rys ta l l ine counterpar t s . A few important propert ies wi l l be b r i e f ly 
mentioned in the following paragraphs. 
TjffllE 1,2 A qua l i ta t ive comparison of some charac te r i s t i c properties 
of metals , t r a d i t i o n a l oxide g l a s ses , and metal l ic g lasses . 
Property Tradi t ional Metal Tradit ional G-lass Metallic Glass 
s t ructure 
bonding 
yield s t r e s s 
workabili ty 
hardness 
UTS 
c rys ta l l ine 
metall ic 
non-ideal 
good, duct i le 
low to high 
low t o high 
Optical transmission opaque 
thermal conductivity very good 
res i s tance very low 
corrosion res i s tance poor to ^ood 
magnetic propert ies various 
amorphous 
covalent 
almost ideal 
poor, b r i t t l e 
very high 
low 
transparent 
poor 
high 
very good 
non-existent 
amorphous 
metal l ic 
almost ideal 
good, ducti le 
very high 
high to very-
high 
opaque 
very good 
very low 
very good 
various 
The density of metal l ic glasses i s only 1 to 2% l ess than that 
of the corresponding c rys ta l l ine alloys which i s in strong contrast to 
the large change of 10^ in non-metallic mate r ia l s . The Young's modulus 
and shear s t i f fness of quenched metallic glasses are general ly lower by 
20 t o 40^, but the bulk modulus by •'V?^ than in the c rys ta l l ine s t a t e . 
Amorphous metals are capable of undergoing extensive p las t ic flew without 
hardening and, in addi t ion, th i s deformation i s often accompanied by the 
formation and propagation of shear bands. The fracture strength (5T in 
metall ic glasses approaches the theore t i ca l strength apparently because 
of the absence of t r ans l a t i ona l per iodici ty and l ine defec ts , e . g . , some 
2 
Fe-based glasses have (5" '^"^35OKg/mm exceeding that of high strength s t e e l s , 
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Because of the absence of c rys t a l l ine symmetry, metall ic 
g lasses f"e mechanically strong end hard but are mfi^netically soft 
(glasses containing ferromagnetic elements) implying that they can be 
e a s i l y magnetized and demagnetized / 7 0 , 7 l / . The ease of magnetization 
indica tes the presence of a r e l a t i v e l y homogeneous s t ruc tu re . The siBall 
coe rc iv i ty of amorphous metals combined with t h e i r high r e s i s t i v i t y causes 
low magnetic power losses when applied in a l te rna t ing devices, such as 
t ransformers . A good account of magnetic behaviour of metall ic glasses i s 
given in reference / 7 2 / . The high degree of atomic disorder causes a high 
e l e c t r i c a l r e s i s t i v i t y ('^ I^Cy^  I^JICVOL.) which has a very small temperature 
coeff icient and can be pos i t ive , negative or even zero, depending upon the 
composition chosen. The h i ^ corrosion resis tance and electrochemical 
behaviour of some amorphous al loys i s remarkable /73/« In pa r t i cu la r , 
amorfhous alloys containing chromium possess very high corrosion resistance 
in both neutral and acid so lu t ions . 
We have br ie f ly outlined above the properties of metallic g lasses . 
However, there are many review a r t i c l e s /74-80/ which provide a good 
descr ipt ion of t he i r nature and proper t ies . 
1.2.6 Effects of Heat Treatments on Metallic Glasses 
Metallic glasses can b'" called as super cooled l iquids and 
possess one-^alf to two-third of the heat of fusion of the l iquid phase 
/ 7 7 A This stored energy i s given out during s t ruc tu ra l transformations of 
a g lass by thermally activated atomic movements. Hence, t h i s stored energy 
i n the glassy s t a t e i s one of the factors affecting the thermal s t a b i l i t y 
of metal l ic g l a s se s , which in tu rn i s dependent on the glass forming 
a b i l i t y (GPA) of the a l l oy . The two important s tu rc tu ra l changes which can 
occur during the heat treatment of the metallic glass are s t ruc tu ra l 
re laxa t ion and c r y s t a l l i z a t i o n . 
1.2.5.1 St ructura l Relaxation 
A metall ic g l a s s , as o rd inar i ly prepared i s not in an in terna l 
equilibrium s t a t e and relaxes s t ruc tu ra l ly to the l a t t e r whenever atoms 
a t t a i n an appreciable mobili ty as industrated by l ine L-d in P i g . 1 . l ( t ) 
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depicting the plot of specif ic volume or enthalpy of the g lass versus 
the tempt--ature. As prepared gL ises have an exceE enthalpy and volume 
as compared with those of the corresponding equilibrium glassy s ta tes 
t ha t can be obtained by annealing near T or by slow cooling / 7 5 / . 
In general , the properties of glasses may be considered to be 
a function of the excess enthalpy during isothermal annealing over the 
temperature range below T . I t has been observed that many physical 
propert ies (atomic d i f fus iv i ty , mechanical d u c t i l i t y and magnetic 
anisotropy in pa r t i cu l a r ) a l t e r d r a s t i c a l l y with s t ruc tu ra l relaxat ion 
/81 -83 ,113 / -
A detecteble s t ruc tu ra l change occurs yfhen the time constant "^ 
for atomic rearrangement i s comparable t o the corresponding experimental 
time constant as given by: 
% 
H T ) ' ^ t (1.12) 
^ ^ g — - mea 
where Q^  i s the apparent a e t i r a t i o n energy for s t ruc tura l re laxa t ion of 
a 
the supercooled l iquid and q denotes the cooling or heating r a t e . If a 
g lass i s held at a temperature in the region of glass t r a n s i t i o n , i t s 
s t ructure wi l l re lax towards th?.>. of the 'per fec t ' or equilibrium g l a s s . 
The t o t a l change in properties during re laxat ion in reasonable times is 
l a rges t at some intermediate temperature. At h i ^ temperatures near T , 
the k ine t ics of s-^abil izat ion of the g lass are rapid , but the i n i t i a l 
departure from equilibrium i s small, and hence the t o t a l change in prop-
e r t i e s i s also small . At low temperatures, the i n i t i a l departure from 
equilibrium i s la rge , but the k inet ics of re laxat ion are slew, aM in 
reasonable t imes, only l i t t l e relaxation i s observed. 
It was shown by Egami / 8 4 / that two types of changes occur 
during re laxa t ion: ( l ) topological short range order (TSRO) and 
( i i ) chemical short range order (CSRO), TSRO refers to geometrical 
packing, and Increases when packing becomes denser and so i t seems to be 
a h ighly col lec t ive phenomenon. CSRO refers t o the probabil i ty of finding 
chemically unlike nearest atomic spec ies . This approach has been used to 
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explain" t' e re laxa t ion behaviour f^ metallic g lasse ' . 
The s t ruc tura l relaxat ion may be studied by a l l methods allowing 
measurements of the s t ruc ture-sens i t ive properties of s o l i d s . A few of 
these methods are based on measurements of in ternal f r i c t i o n / 8 5 / , stre»e 
re laxa t ion and creep / 8 6 , 8 7 / , specific heat /SB/ , magnetic annealing / 8 9 / , 
e l e c t r i c a l r e s i s t i v i t y / 9 0 / , sound veloci ty changes / 9 1 / , microhardness 
/ 9 2 / and d i f fus iv i ty / 9 3 / . 
1 .2 .6 .2 Crys ta l l iza t ion 
Amorjtious to c rys t a l l ine transformation generally occurs on 
thermal annealing of the g l a s s . The c rys t a l l i za t ion of metall ic glass i s 
accompanied by a densif icat ion of about one percent, a decrease in anth-
alpy equivalent to about one half the la ten t heat of melting (-^^^ a few 
KJ/mol) and s ignif icant changes in most physical p roper t ies . The process 
of c r y s t a l l i z a t i o n involves nucleation and growth of c rys ta l l ine phase. 
A number of reviews have appeared in l i t e r a t u r e on c r y s t i l l i z a t i o n 
of metall ic glasses /94-96 / . 
There are various methods t o study amoritioue to c rys ta l l ine 
phase transformation. Due to the large heat effect of c ry s t a l l i z a t i on , 
the process can be conveniently followed by DSC while complimentary 
s t r u c t u r a l invest igat ions are needed using microscopic studies (TEM, SEM) 
and d i f f rac t ion technique. In addi t ion, methods involving jhysical 
property measurements l ike e l e c t r i c a l r e s i s t i v i t y , Mossbauer spectroscopy 
can a l so be used for following the changes occuring during c r y s t a l l i z a t i o n . 
The study of c ry s t a l l i z a t i on processes i s important because of 
two reasons ( i ) c rys t a l l i za t ion r e su l t s in a change or loss of many des i -
r ab le propert ies and t h i s l imi t s the operating times at elevated temper-
a t u r e s , and ( i i ) secondly, i t i s becoming increasingly clear that the 
p a r t i a l or f u l l c r y s t i l l i z a t i o n of metallic g lasses can be used to produce 
novel and useful microstructures unobtainable by other means. 
A useful parameter which indicates c ry s t a l l i z a t i on of the glass 
i s i t s c ry s t a l l i z a t i on temperature T , usually measured at a pract ical 
heating r a t e (5-50 K/min) in a d i f f e ren t i a l scanning calor imeter . However, 
t h i s i s not an indicator of the upper l imit of operating temperatures of a 
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metal l ic glass because during long-term operation at temperatures much 
lower thr 1 t h i s T the glass may c r y s t a l l i z e . Pig . ' ' .10(a) and (b) depict , 
the liiase diagrams and var ia t ion of T of Pe-B (metal-metalloid) and Zr-Ni 
(metal-metal) g l a s s e s . I t can be seen that in many binary metal-metalloid 
g lasses T i s a maximum near the equilibrium eutect ic composition while i t 
monotonically decreases with increasing zirconium content in metal-metal 
g l a s s (Ni-Zr) despite the existence of two eutect ics and an Intermetal l ic 
compound. This behaviour has been explained »y corre la t ing the r e l a t i ve 
thermal s t a b i l i t i e s of different glasses to thermodynamic, crystallograpiiic 
and e lec t ronic fac tors /97-100/ . 
The driving force for c rys t a l l i za t ion i s the free-energy di f fer-
erce between the glass and the appropriate c rys ta l l ine fhase(s ) . We shall 
explain different c rye t a l l i z a t i on processes by considering the hypothetical 
free-energy diagram for Fe-B as shown in Pig.1.11. The curve G repre-
sents the free-energy curve for the glassy phase and wi l l be concave 
downwards and since the glass i s metastable, i t w i l l always be higher than 
that of fft Ifiost one c rys ta l l ine phase. Here there are two stable jhases: 
a terminal sol id solution <<_-Pe and an intermediate phase Pe^B. Also 
shown i s a phase F e 3 which, although i't has a lower energy than the g lass , 
i s metastable with respect to equilibrium mixture of o(. -Fe and Pe^B. 
Bependir" on various jiiase traneformationejthe following c rys t a l l i z a t i on 
processes can be iden t i f i ed : -
(a) Primary Crys ta l l i za t ion 
During th i s process the solute i s rejected from the growing 
c ry s t a l s in to the g l a s s , i . e . , the formation and the growth of <^-Fe 
crys ta l s occur by re jec t ion of boron atoms in to the remaining glassy phase. 
The boron enrichment of the glassy fhase continues un t i l fur ther c r y s t a l l -
i za t ion i s stopped by reaching a metastable equilibrium between 0(^  -Pe 
and the metastable amorphous Pe-B phase with 25^ l»oron content . This 
amorphous phase wi l l transform to stable c rys t a l l i ne Pe_B piiase by a sub-
sequent transformation. Many ironnaetal loid glasses / 1 0 1 / , Cu-Zr/1GE!/ 
and Ni-Zr/1 03 / transform in t h i s manner. 
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( i ) Polymorphous Crys ta l l iza t ion 
In t h i s case the glass transforms to a c rys ta l l ine phase of the 
same composition. A good example of tJiia i s the formation of tetragonal 
phase Pe,B in Pe-B glasses containing lietween 24 and 26 atom % of boron 
/^0^/ and of Zrg Ni in Zr-Ni glass of the same composi t ion/103/ , 
(c) Eutectic Crys ta l l iza t ion 
In t h i s case , the glass can reduce i t s free energy t o a point un 
the common taijgant between e i the r o(-Pe and Pe^B or o ^ -Pe and Pe_B, i . e . , 
the two c rys t a l l i ne phases grow in a coupled fashion analogously to the 
eu tec t i c c r y s t a l l i z a t i o n of l i q u i d s . The proportions of the jiiases are 
such that the overa l l composition of the c rys ta l l i zed producl i s the same 
as tha t of the amorphous matrix ( e . g . o(^-Pe + PeJB formation or 
X -Pe + Pe2B formation). Crysta l l iza t ion of Pe _ B - ^ / 9 6 / and Pe -^  Ni 
V Bg /1C5, 106/ fellows eutect ic c r y s t a l l i z a t i o n . 
In the case of eutect ic and polymorphic react ion the growth of 
c r y s t a l s has been found t o be l inear with t ime. On the other hand, gr-Tw h^ 
of primary o<^-Pe c rys ta l s has been found to be parabolic / 9 5 / . Such a 
parabolic growth i s indicat ive of the growth control led by long range 
d i f fus ion . Therefore, the study of amorphous to c r y s t a l l i n e transformation 
i s important as i t provides a method of evaluating self-diffusion da ta . 
Diffusion coeff ic ients can be estimated from measurements of c rys t a l growth 
during primary c r y s t a l l i z a t i o n /107 ,1«6/ . Using the Zener equation for 
d i f fus ional growth: 
R = o<.(Dt)* (1.13) 
where c rys t a l size R i s parabolic in time t and dimensionless ra te constant 
o/ depends on c rys t a l morphology and canposit ion, and amorphous matrix 
composition near and far from the c rys t a l matrix in te r face . The disadva-
ntages of t h i s procedure are that the ra te control l ing diffusion species 
i s not known, o ^ can only be evaluated for a simple c r y s t a l morphology, 
and c r y s t a l and amorpAiou^matrxx interface ccanpositions are not usually 
known. Therefore, the diffusion data obtained by t h i s method should be 
t r ea ted with caut ion. 
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iictlvation energy for c rys t a l l i za t ion can be estimated ei ther 
by isoth rraal experiments or by "-sochronal heating in a Different ia l 
Scanning Calorimeter (DSC) at selected heating ra t e s and measuring the 
shi f t in the peak c r y s t a l l i z a t i o n temperature (Kissinger method )/109/. 
Isothermal heating experiments are also useful / 9 5 / for estimation of the 
Avrami-exponent and the ac t iva t ion energy. These experiments give the 
overa l l k ine t i c s of c r y s t a l l i z a t i o n . In some cases attempts have been 
made to separate the ac t iva t ion energy for nucleation and growth /110 / , 
Another type of react ion i s ca l led lipase separation which 
involves the decomposition into two amorphous phases. This can happen 
by nucleation and growth process or by spinodal decomposition / 9 4 / . 
1 .3 OBJECT OP THE HffiSENT STUDY 
1.3.1 Diffusion in Metallic Glasses 
We have e a r l i e r mentioned that v\*ien metal l ic glasses possess 
ffOfficient atomic mobility ( i . e . on annealing at a suitable temperature), 
they can lower t h e i r free energy by a l te r ing t h e i r amorfhous s t ructure 
due to the s t r u c t u r a l re laxat ion of the glass and th i s i s manifested by 
s igni f icant changes in many proper t i e s . Other processes vitoich involve 
pignificant rearrangements of atoms leading t o a change in t h e i r strtKJture 
aye phase separation and c r y s t a l l i s a t i o n . Many properties of amorphous 
a l loys arg s t ruc ture sensi t ive and undergo signif icant changes on heat-
t r ea tment . To mention a few, mechanical d u c t i l i t y and magnetic anisotropy 
a l t e r d r a s t i c a l l y upon s t ruc tu ra l relaxat ion and c r y s t a l l i s a t i o n . All 
these processes are controlled by the diffusion of atoms through the 
s t ruc ture of the amorphous a l l o y . Therefore, a knowledge of the atomic 
t ranspor t in metall ic glasses becomes important in understanding the 
c r y s t a l l i s a t i o n behaviour and p re -c rys t a l l i s a t ion changes in s t ruc tu re -
sens i t ive physical and mechanical proper t ies . Moreover, an understanding 
of atomic diffusion in amorfhous al loys i s a lso important from technological 
point of view because i t can help in developing heat-treatments suitable 
for optimizing amorphous a l loy properties during i t s fabr icat ion and also 
in knowing safe working temperatures which prevent deg^adatioh of i t s 
properties during service l i f e . 
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A major hindrance t o study the atomic transport behaviour of 
metal l ic glasses i s t he i r tendency to c r y s t a l l i z e . So, the problem in 
the measurement of diffusion ra t e s in amorphous alloys a r i s e s n&inly 
because of the experimental d i f f i cu l t i e s associated with measuring very 
small diffusion ra t e s ( typica l ly lying in the range 10 - 10 m / s e c . ) 
a t temperatures suf f ic ien t ly low to avoid c r y s t a l l i s a t i o n . Probably t h i s 
D»y be one of the reasons for the l imited data on diffusion studies in 
meta l l ic glasses which are available in l i t e r a t u r e (see the l i t e r a t u r e 
survey in CHAETEE I I ) . Therefore, a systematic study of diffusion of a 
s ingle solute in di f ferent glasses and of different solutes in the same 
g la s s becomes desirable for making a meaningful comparison of diffusion 
r a t e s and hence in understanding the diffusion process in metall ic g l a s se s . 
In view of t h i s objec t ive , the present study on diffusion in amorphous 
a l loys was undertaken. 
The fundamental understanding of atcmic transport in amoriiious 
so l ids Is not as well developed as tha t of t ranspor t In crysrfcalline 
m a t e r i a l s . In c rys ta l l ine mater ia l s , atomic t ransport i s governed by the 
presence and motion of well-characterized de fec t s . The periodic l a t t i c e 
i n c rys t a l l ine materials provides an obvious reference s t ructure for the 
de f in i t ion of point , l ine and planar defec ts . Contrary t o t h i s , in 
amorptiouF mater ials i t seems plausible that atomic motion can a lso occur 
more ea s i l y at ce r ta in special s i t e s in the system, but the Ident i f ica t ion 
of these s i t e s as 'defec ts ' i e d i f f i cu l t due to the lack of a well 
defined reference s t a t e . Pooitron annihi la t ion studies on amorphous 
a l loys / 5 5 / have shown that they contain few open spaces la rger than single 
vacancies . The concept of free-volume fl i ictuations has a l so been applied 
t o understand the structure of amorphous alloys / 6 2 / . Many other theore-
t i c a l s tudies have been done by introducing point defects in dense random 
packed (DRP) and te t rahedra l ly coordinated amorphous systems, and l ine 
defects in DEP systems using both s t a t i c re laxa t ion and molecular dynamics 
simulation / 5 1 , 6 6 / . Kijek e t a l . / 1 1 1 / have summarized the possible diff-
usion processes in amorphous metals . I t has been argued that larger atoms 
diffuse by a cooperative process while the smaller atoms diffuse possibly 
by an i n t e j n t i t i a l mechanism. The l a t t e r mechanism has also been 
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t h e o r e t i c a l l y discussed by Ahemdzadeh and Cantor / I 1 2 / . 
The study of atomic transport in amorphcvs al loys i s i n t r i n s i ca l l y 
more complicated since they are in a thermodynamically unstable s ta te and 
hence undergo a continuous s t ruc tura l change t h r o u ^ successively lower 
free-energy s ta tes on annealing. As normally understood the effect of 
s t r u c t u r a l re laxat ion should be to lower the d i f fus iv i ty in ajODrphous 
a l loys / I I 3 / , but there are now experimental evidences which indicate 
tha t s t r u c t u r a l re laxa t ion may not s igni f icant ly affect the dif fusivi ty 
/ 1 1 4 , 1 1 5 / . Therefore, i t can be said that the present knowledge about the 
atomic t ransport in amorphous al loys i s not sufficient to give a clear 
picture and s t i l l r equi res a l o t more inves t iga t ions . 
1 ,3 .1 ,1 Experimental Techniques 
Atomic transport can be studied experimentally by applying e i ther 
a mechanical driving force , as in viscous flow, or a chemical one, t^ uch as 
a concentration gradient in a diffusion experiment or a free-energy 
difference in a jSiase transformation. We shal l be more concerned here 
with the second type of methods. 
The experimental procedure for direct measurements of diffusion 
coef f ic ien t s normally cons is t s of ion-implanting or of depositing a th in 
or th i ck film of diffusing atoms on t o the amorfhous a l loy surface. The 
concentrat ion profile af ter diffusion annealing as a function of time or 
distance at a given temperature i s obtained by a sui table experimental 
technique and r e su l t s are compared with the th in or th ick film solution 
of the diffusion equation. 
In amorphous a l l oys , as heat- treatments are l imited to low 
temperatures and short durations in order to avoid c r y s t a l l i s a t i o n of the 
g l a s s , the diffusion coeff ic ients and diffusion distances are correspo-
ndingly small, the l a t t e r being of the order of a few hundereds of 
angstroms only. Therefore, the experimental technique chosen for obtaining 
the concentration profile of the diffusing species must have a good depth 
o 
reso lu t ion typ ica l ly in the range 10-200A. The techniques which have been 
widely used for diffusion studies include ion erosion, sput ter profiling by 
Auger e lec t ron spectrometry (AES) , secondary ion mass spectrometry (SIMS) 
?A 
and Rutherford back-scat ter ing spectronEtry ( E B S ) . Ion-erosion /116-118/ 
requires ion-implantation of a sa i table radioactive isotope below the 
amoritious a l loy surface and then the surface af ter diffusion annealing 
i s gradually bombarded with argon ions and the concentration profile i s 
obtained by measuring the r ad ioac t iv i ty of the material removed as a 
function of time . The concentration profi les can also be obtained by 
simultaneously recording the Auguer electron signals /119/ of the 
diffusing element during the bombardment with argon ions . In secondary 
ion mass spectrometry / 1 2 0 / , the surface of a specimen i s again ion-eroded, 
and a mass spectrometer i s used to analyse the composition of the material 
removed. Another important technique which provides a good depth resolu-
t i o n without destroying the specimen by ion-erosion is Rutherford 
backscat ter ing spectrometry ( R B S ) / 1 1 3 , 121-123/. In RBS, a specimen is 
i r rad ia ted with a monoenergetic beam of a lpha-par t ic les and the energy 
spectrum of the a lpha-par t ic les scattered by heavy nuclei in the specimen 
can be used to determine the concentration of sca t ter ing nuclei as a 
function of depth below the specimen surface. The method of nuclear 
reac t ion / I 2 4 / in which the specimen al loy surface i s i r rad ia ted with 
high energy protons and a l f i ia-par t ic les emitted as a resu l t of a nuclear 
reac t ion are detec ted . This method i s sui table for invest igat ing the 
diffusion of l i gh t elements whoso nuclei can be mar"^  to undergo a nuclear 
r eac t ion . 
So far we have l i s t e d the d i rec t methods for determining the 
di f fus ion coef f i c ien t s . Several indi rec t methods have been used to meausre 
the diffusion coe f f i c i en t s . Self-diffusion coeff icients have been estimated 
from measurements of c rys t a l growth r a t e s during c r y s t a l l i s a t i o n , 
/95,125 ,126/, by assuming a specific model for the mechanism and kinet ics 
of c r y s t a l growth. This has already been mentioned in sect ion 1,2.6.2. 
Self-diffusion coeff ic ients have also been estimated by measuring the 
segregation of the a l loy component t o a free surface / 1 1 4 / , again by assuming 
a specif ic k ine t ic law for the segregation process. Inter diffusion studies 
in meta l l i c g lasses have also been done using compositionally modulated 
t h i n fi lms / 1 2 7 / . In t h i s technique specimens are prepared by depositing 
a l t e r n a t e t h i n layers of two amorphous al loys and interdiffusion of the 
two al loys i s measured from the decay in the in tens i ty of the 
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SBjall angle X-ray peak corresponding to the in te r l ayer separat ion. 
The measurement of v i raoai ty of amorphous al loys can also be 
used to study diffusion. The scaling r e l a t i o n between v i scos i ty and 
d i f fu s iv i ty i s given by: 
"^D = M. ( 1 . U ) 
where L i s a cha rac te r i s t i c length re la ted t o the dimensions of the defects 
governing diffusion and flow / 1 2 8 / . The Stokes-Einstein re la t ionship with 
L = 6 7t r in Eqn.(l .14) vihere r i s the average Ionic radius holds well 
for several l iquid metals / 1 2 9 / . Qien et a l . / 1 1 3 / measured the diffu-
s i v i t y of Au in Bi^^ ^ Co, Si.^ ^ J^st above T and compared i t with the 
77.5 n ifo.5 g 
v i s c o s i t y of the glass in the same temperature range . They found good 
agreement between diffusion and v i scos i ty data for T^T . However, at 
T^T , D was greater than D^ by several orders of magnitude and the values 
depended strongly on the previous heat- t reatment . In general , for T ^ T , 
D and D_ scale according to the Stokes-^instein r e l a t i o n which implies 
t ha t the same defects govern both processes in t h i s regime and for T<lT , 
the isoconfigurational ac t ivat ion energy for ^ and D i s same in similar 
systems. Moreover, recent d i f fus iv i ty measurements in Bd-Sl/Pe-B 
compositionally modulated films /130 / seems t o support the va l id i ty of 
Stokes-^instein r e l a t i o n lielow '^^. The continuity of the scaling r e l a t ion 
g 
between Yf ard 1/D indicates that viscous flow and diffusion were 
governed by the same kind of de fec t s . A f u l l understanding of diffusion 
and viscous flow i s , therefore , very important in understanding the defects 
in amorj*ious a l l o y s . 
The diffusion data obtained by these indirect methods should be 
t r ea t ed with caut ion , because addi t ional assumptions have to be made about 
the k ine t i c s of the process being studied / t 3 l / . Various methods used for 
studying diffusion in metall ic glasses are presented in TABIiE 1 ,3* 
I t would be in te res t ing t o know that the measurements of diffu-
sion of hydrogen, the smallest atom, are ra ther different and have been 
studied by many researchers using both the indirect and d i rec t approaches 
/132-135 / ' "n^ e i n t e re s t in the studies of hydrogen absorption and diffusion 
behaviour in amorphous al loys has been largely due to the possible techno-
log ica l importance of hydrogen, for instance for hydrogen storage or 
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hydrogen enfcrittlement. The topic tf hyd.r«gen diffusion w i l l not be a 
part of th is work, however, i t v. i l l be very br ief l ; - mentioned l a t e r in 
t h i s work for the sake of completeness of diffusion da ta . Aa extensive 
l i t e r a t u r e survey on diffusion s tudies in amorfhous al loys i s presented 
in CJiapter I I of t h i s thes is • 
Diffusion of Au, Sb, l b , Cu, Al, Ni and Fe in some iron-based 
(Fear, B . _ , Pe„-, B„^) metal-metalloid and zirconium based (Zr-31 at % t o 
39 a t ^ Nl) metal-metal metallic glasses have been studied using the 
techniques of Rutherford backscattering spectrcHnetry(RBS) and by Auger 
e lec t ron spectrometry (AES) in conjunction with argon ion sputtering 
and the r e s u l t s are reported and diecuseed in t h i s work. The diffusion 
s tudies were carr ied out on different s t ruc tura l s t a tes of the amorphous 
a l l o y s , namely, the as-quenched and relaxed by subject i r^ the a l loy to a 
short-time anneal near T - the g lass t r ans i t i on temperature of the a l loy , 
and also on pre-crysta l l ized specimens. This was done to knoff the effect 
of s t ruc tu ra l re laxa t ion and c r y s t a l l i z a t i o n on the d i f fus iv i ty . 
1.3»2 Oxidation of amorphous a l loys 
As mentioned e a r l i e r , amorphous alloys are free from iohcme-
gene i t ies associated with the c rys ta l l ine s t a t e such as grainboundaries, 
d is locat ions and second liiase i a r t i c l e s . Therefore, the amorphous alloys 
must possess in t e res t ing corrosion and oxidation proper t ies . I t i s known 
tha t metallic glasses have superior corrosion res is tance compared to the i r 
c rys t a l l i ne counter parts /75,136,137/ . However studies on oxidation of 
amorphous al loys are not that extensive in l i t e r a t u r e / 1 5 8 / . The techni-
ques of X-ray photoelectron •pectroscopy and Auger e lectron spectroscopy 
are being increasingly used in Oorrosion and oxidation s tudies on amor0ious 
as well as c rys ta l l ine a l loys as i t provides a t rue character izat ion of the 
top surface and the layer underneath. We have conducted a few experiments 
r e l a t i n g to the oxidation and coirosion of sane iron-based commercial 
amorphous al loys (METSLAS 2605 Series of Allied Corporation, USA, See* 
Secti '-n 1.3.3) using the surface sensi t ive techniques X-ray 
photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) . 
The nat ive oxide layer on these glasses and the i r oxidation behaviour in 
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a i r as well as in an aqueous medium containing 0.5'*^ ^ ^ ^ A at^.jueted to a 
jH 4.0 y the addit ion of H-SO were studied usir^ these surface sensitive 
techniques. A comparison of the oxidation behaviour of amorphoue alloys 
with the corresponding c rys ta l l i zed alloys was also made. I t was found 
that the former possessed superior oxidation res is tance than the l a t t e r . 
The role of the various alloying additions in improving these properties 
was also inves t iga ted . 
1.3»3 Metall ic Glasses used in present studies 
Our object was to study the diffusion of various elements 
(AU, R) , Sb, B i , Cu, Al, Fe and Ni) into metall ic glasses and for t h i s 
the fallowing simpler binary a l loys were chosen: 
Metal-Metalloid : Peg^ B^^, Fe^^ B^g 
Metal-Metal : Zr^^ Ni^g, Zr^^ Ni^^, Zr^^ Ni^^ 
The metal-metalloid al loys were procured from Allied Corporation, 
USA while the metal-metal a l loys were fabricated in our laboratory on a 
melt-spinning device. The oxidation s tudies were carr ied out on the 
following metal-metalloid g lasses , v^^ich too were obtained from 
Allied Corporation USA: 
Metal-'^etalloid : Pe^^^o (^ F^ CtJE^ AS 2605) 
Fe.„Co, B _ S i , (METGLAS 2605 Co) Of To 14 I 
Fe„,B,_ ^Si„ pC^ (METGLAS 26C5 SC) 
In the following TABIiib, a col lec t ion of various properties of 
these metall ic g lasses i s presented. However, a good account of compara-
t i v e properties of ferrous metall ic glasses v i s - a - v i s c rys ta l l ine 
mater ia l s has been given by Oilman in reference / 1 4 0 / . 
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TABIE 1.4 Data Eela t i i ig t o Bifetallic Glasses Used 
Alloy 
^^67 ^S3 
'^65 ^S5 
^^61 ^S9 
Densi ty 
gm/cm 
7.4 
7.48 
7.04 
7.C8 
7 ^ 0 
• ) « • 
T 
g 
n 
* 
T 
X 
CO 
726 
725 
701 
710"! 
741J 
Amorphous to c r y s t a l l i n e 
Transformat ion 'Eutc'^ti'• 
E u t e c t i c 
Primary followed by 
polymer ptiic 
Polymorphic 
' Primary followed by 
1 polymorphic 
Ref. 
/ 
/96,144, , 
141 / 
/ 1 4 2 , 
145,14 
FCg^Co^gE^^Si^ 7.56 715 / 1 4 3 / 
^ ^ 8 1 ^ 3 . 5 ^ S . 5 ' 2 7-52 790 
* Determined a t a h e a t i n g r a t e of 2Ck/min in a DSC. 
TABLE 1.5 Mechanical P r o p e r t i e s 
Alloy Hardness VH Yield Young's Ref. 
(Kg/mm^) S t reng th Modulus 
(k^'/mm ) (Kg/mm ) 
^"80^20 ^""^^ '^'^^ "''^•2 ^ ^ ° ^ Z"^^/ 
S t e e l 450 170 
(AISI 4340) 
1 .3 .4 Importance of t h e Present Work 
The major par t of the work repor ted i n t h i s t h e s i s was aimed a t 
doing d i fus ion s t u d i e s i n amorffeous a l l o y s . For an easy i n t e r p r e t a t i o n 
of the d a t a , s impler b i n a r y a l l e y s (Pe-B, Zr-Ni) having vary ing phys ica l 
parameters were chosen fo r the pi rpoee of d i f f u s i o n work. A meaningful 
comparison of the d i f f u s i o n measurements was made on the b a s i s of some 
p h y s i c a l parameters such a s the mel t ing p o i n t , e l e c t r o n e g a t i v i t y and 
TABLE 1.6 Magnetic P r o p e r t i e s 
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Alloy 
^^80^2 0 
^^4C>^^40^14^6 
B 
8 
(KG) 
S a t u r -
a t i o n 
magnet-
i z a t i o n 
16 .0 
8 .3 
c ^ 
( C u r i s ) 
Temp. 
(K) 
647 
525 
-niax(x10 ) 
penaeab i l -
i t y 
52 0 
1100 
H (Oe) 
c 
C o e r c i -
v i t y 
0.04 
0.007 
R e s i s t i v i t y 
140 7 7 9 / 
180 779 / 
81 135 3.5 2 15.7 643 
(2605SC) 
0.08 125 71407 
^^67^°18^14^S 17.5 688 
(2605CO) 
'^.08 130 71407 
Permalloy 18.2 735 mo 0.028 55 71797 
atomic s i z e of the d i f fus ing s p e c i e s . In the l i ^ t of t h e s e i n v e s t i g a -
t i o n s suggested poss ib le diiTfusion mechanisms have a l so been d i s c u s s e d . 
In a d d i t i o n t o t h i s , the e f f e c t of s t r u c t u r a l r e l a x a t i o n and c r y s t a l l i -
z a t i o n on d i f f u s i v i t y in t h e a l l o y s undertaken in t h i s work was a l so 
s t u d i e d . Bes ides g iv ing an i n s i g h t in to the atomic t r a n s p o r t in 
m e t a l l i c g l a s s e s , the da ta re^-^rted here do c e r t a i n l y c o n t r i b u t e to the 
s c a r c e l y explored f i e l d of d i f f i i s ion i n amorphous m e t a l l i c a l l o y s . 
The o x i d a t i o n s t u d i e s c a r r i e d out in t h i s work a r e not t h a t 
e x t e n s i v e . However, the r e s u l t s a r e important from t h e point of view 
of unders tand ing the r o l e of v a r i o u s a l l o y i n g a d d i t i o n s i n improving 
t h e o x i d a t i o n and c o r r o s i o n p r o p e r t i e s of some important commercial 
m e t a l l i c amorj*ious a l l o y s which do have some p r a c t i c a l a p p l i c a t i o n s . 
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CH/AP?ER I I 
PEVIT" 0'' LITEE/TUEE 
2 .1 BTTRODUCTION 
The f i r s t d i f fu s ion measurements on a m e t a l l i c g l a s s were 
r epo r t ed by Gupta e t a l . / I / i n 1975 for d i f f u s i o n of Ag i n amorjiious 
Pdg^Si us ing r a d i o a c t i v e t r a c e r and s p u t t e r s e c t i o n i n g method. In 
ano the r paper Chen e t a l . / 2 / r epor ted the d i f f u s i v i t y of Au i n amorphous 
Pd„_ CUgSi by ion- implan t ing Au i n t o t h e amorphous a l l o y s u r f a c e , 
d i f f u s i o n annea l ing and t h e n measuring the Au concen t r a t i on p r o f i l e by 
Rutherford b a c k - s c a t t e r i n g of c X . - p a r t i c l e s . Other s i m i l a r measurements 
were a l so r e p o r t e d by Birac e t a l . / 3 / and Cahn e t a l / 4 / . These d i f fus ion 
s t u d i e s i n d i c a t e d a few important a spec t s of d i f fu s ion i n m e t a l l i c g l a s s e s , 
namely, ( i ) t he d i f fu s ion c o e f f i c i e n t a t a g iven temperature I n amorphous 
a l l o y s i s l a r g e r by a few o r d e r s of magnitude than t h a t i n a c r y s t a l l i n e 
m a t e r i a l of s i m i l a r composi t ion and ( i i ) magnitudes of d i f f u s i v i t y i n 
m e t a l l i c g l a s s e s are a l so r e l a t e d t o the r a t e of s t r u c t u r a l r e l a x a t i o n 
and a l so t o c r y s t a l l i z a t i o n of t h e g l a s s * 
Since then t h e r e have appeared many s t u d i e s on d i f fus ion i n 
amorphous a l l o y s i n l i t e r a t u r e * A compi la t ion of d i f f u s i o n measurements 
was r e p o r t e d by Luborsky / 5 / end by Cantor and Cahn / 6 / . We have a l s o 
compiled he re a l l d i f f u s i o n da ta obta ined by using d i r e c t methods and 
t h e s e a re presented i n T/iBLES 2.1 and 2 . 2 , dea l ing wi th meta l -meta l lo id 
and meta l -meta l g l a s s e s r e s p e c t i v e l y . In a r ecen t review a r t i c l e 
Cantor / ? / has d i scussed v a r i o u s a s p e c t s of d i f fu s ion i n m e t a l l i c g l a s s e s 
based on t he se d a t a . Moreover, the atomic t r a n s p o r t i n amorfhous a l l o y s 
has a l s o been d i scussed in r e f e r e n c e s / 8 - 1 2 / . 
We have not taken up the s tudy of hydrogen d i f fus ion i n t h i s 
work . To mention a few, such s t u d i e s have been r e p o r t e d by many i n v e s t i -
g a t o r s / 1 3 - 1 8 / . Separa te reviews are a l s o a v a i l a b l e on t h i s top ic / 1 9 - 2 0 / . 
A l l the measured hydrogen d i f f u s i o n c o e f f i c i e n t s i n amorphous a l l o y s are 
v e r y much h i g h e r t h a n those f o r o t h e r d i f fus ing s p e c i e s wi th much lower 
a c t i v a t i o n e n e r g i e s (0 .25-0 .60 eV) . The d i f f u s i v i t y of hydrogen i n 
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amoriiioue al loys has been found to Ivcreaae with increased hydrogen 
concentrat ion /2 0 / . Hydrogen almost ce r t a in ly diffuses by an i n t e r s t l 
mechanism in amorphous a l loys / 6 / . A compilation of H di±fusiTity 
measurements in amorphous alloys has also been included i n TABIES 2.1 
and 2 . 2 . 
There have been a large number of d i f fus ivi ty measurements by 
i nd i r ec t methods such as by crystal-growth studies both in netal-metallold 
and metal-metal amorphous a l loys / 2 1 - 2 7 / . There are disagreements between 
the values obtained by c rys t a l grcwth and those by d i rec t methods / ? / for 
the same spec ies . For the sake of comparison a few nteasurements of D by 
c r y s t a l growth method have also been included in TABIES 2,1 and 2 . 2 . 
However, as suggested by Cantor and Cahn / 6 / , c ry s t a l groirth data require 
ex t ra caution in t h e i r t reatment. 
2.2 DIFFUSION IN METAL-MErCALLOID GLASSES 
Cantor and Cahn / 6 / h a v e given conventional (j) v s . l A ) a ^ 
normalized (D VS Tg/D) plots re la t ing to diffusion s tudies in metal-
metalloid and metal-metal a l loy systems. These plots indicate that at a 
given f rac t ion of T , the diffusion coeff ic ients in metal-metalloid 
amorphous a l loys depend only upon the nature of the diffusiijg species and 
increase progressively from larger heavy atoms such as gold, palladium 
through to smaller l i ^ t atans such as boron, s i l i con , l i thi imi. I t has 
been suggested by Kijeik et a l . / 1 2 / tha t two different mechanisms are 
operat ive for diffusion of large atoms such as gold and of small atoms 
such as l i th ium. 
Cantor and Cahn / 6 / have also indicated that diffusion coefficient 
in metal-metalloid amorphous a l loys i s given by 
( • • 1 '• D = D^exp(- BT A ) ^ " 
with Q=B k Tg. DQ and proport ional i ty constant B depend only on diffusing 
species having typ i ca l values in the range 20-50. The effect of s t ruc tura l 
r e l axa t ion on d i f fus iv i ty has a lso been seen by many workers / 1 2 , 6 , 2 8 / . I t 
was pointed out by Akhtar et a l . / 2 9 / that autorelaxation in melt-spun 
amorphous al loys makes the diffusion coefficient independent or nearly 
independent of fur ther re laa^t ion he a t - t rea tments . Recently, 
Hcrvfrttv'fft a l . / 30 -51 / re.pccrtBd t h a t s^n i r tu ra l re laxa t ion has a 
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s i g n i f i c a n t e f f e c t on d i f f u s i v i t y of Pe i n amorphous ^s^Q^^^n^po ^^^ 
P e , . N i . , B , „ . These r e s u l t s are c o n t r a r y to the o l s e r v a t i o n s made by 41 41 18 
AMitar e t a l . / ? 9 / for d i f f u s i o n of Au i n Fe Ni QB^Q ^^^ ^^TJ 5^^16 .5^^6 * 
Not many s t u d i e s are a v a i l a b l e i n l i t e r a t u r e on the e f f e c t of c r y s t a l l i -
z a t i o n on d i f f u s i v i t y / 3 2 - 3 4 / . D can e i t h e r increase o r decrease 
s u g g e s t i n g t h a t c r y s t a l l i z a t i o n mechanism i s a determining f a c t o r i n t h i s 
case / 6 / . TABLE 2.1 g i v e s a compi la t ion of d i f f u s i v i t y da t a in me ta l -
m e t a l l o i d g l a s s e s . 
2 .3 DIFFUSION IN METAL-METAL GLASSES 
There a re v e r y few i n v e s t i g a t i o n s of d i f f u s i o n i n meta l -meta l 
amorjSious a l l o y s . A gene ra l obse rva t i on of the da t a r epo r t ed i n d i c a t e s 
t h a t d i f f u s i o n c o e f f i c i e n t s in meta l -meta l g l a s s e s have roughly 'the same 
o r d e r of magnitude as i n me ta l -me ta l lo id g l a s s e s and a l so obey Arrhenius 
l a w . However B d i f f u s i o n in Ni,^  i^^Ai "s / 5 5 / shows non-Arrheniue 
behav iour and d i f f u s e s much f a s t e r than l a r g e r gold atoms as a l s o observed 
i n case of me ta l -me ta l l o id sys tems . Ajiother obse rva t ion made by Cantor 
and Cohen / 6 / i s t h a t a t a given f r a c t i o n of T , gold d i f fu se s f a s t e r in 
m e t a l - m e t a l amorjtious a l l o y s t han i n me ta l -me ta l lo id amorjiious a l l o y s . 
A l s o , t h e gold d i f f u s i o n c o e f f i c i e n t has been found t o inc rease i n m e t a l -
m e t a l g l a s s y a l l o y s with i nc rea s ing T . Ajiother i n t e r e s t i n g s tudy of 
d i f f u s i o n in meta l -meta l amorphous a l l o y Ni Zr^g „ was done by Alditar 
e t a l . / 3 4 / where t h e y a t t r i b u t e d t h e i nc rea s ing d i f f u s i v i t y of d i f f e r e n t 
s p e c i e s t o the i n c r e a s i n g d i f f e r ence i n melt ing point between the d i f f u s i r ^ 
s p e c i e s and the m a t r i x . 
The e f f e c t of p l a s t i c deformat ion, s t r u c t u r a l r e l a x a t i o n / 3 4 / , 
and i r r a d i a t i o n / 3 6 / has a l s o been i n v e s t i g a t e d i n Ni-Zr a l l o y s . The 
r e s u l t s i n d i c a t e d a t rend D ( d e f o r m e d ) / ' ! ) ( a s - q u e n c h e d ) ^ D ( r e l a x e d ) . 
A compi l a t ion of a l l d i f f u s i o n da ta i n meta l -meta l g l a s s e s as obtained by 
d i r e c t exper imenta l methods i s presented i n TABLE 2 . 2 . 
2 .4 Oxidat ion of Bfetallic Glasses 
There are a number of reviews on the c o r r o s i o n behaviour 
( o x i d a t i o n i n aqueous media) of m e t a l l i c amorphous a l l o y s / 3 7 - 4 3 / -
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However, the oxidation of metallic glasses in gaseous oxygen environment 
has not been much invest igated. 
I t has been found tha t an amorphous metal-metalloid a l loy 
containing only one metallic component possesses a lower corrosion 
res i s tance than the pure metal const i tut ing the amorphous a l loy /4 l /« 
However, the corrosion ra te i s decreased by addit ion of second elements 
/ 4 4 / . The effect of the alloying elements such as t i tanium, chromium, 
cobalt e t c . , and iiie metalloids (P,C,Si,B) i s an important factor in 
determining t h e i r corrosion r e s i s t ance . A few studies on the corrosion 
behaviour of some Pe-based metall ic g lasses , s imilar to those reported 
in the present work, are avai lable in l i t e r a t u r e /45-50 / . 
With respect to oxidation of amorphous a l l oys , very few re fe re -
nces are available / 5 1 - 5 5 / . Recently, some work has been reported on 
surface oxidation behaviour of some iron-based amorphous allo3B/56-59/. 
These invest igat ions have shown that the surface oxide layer i s ccmposed 
of various elements segregated in different layers , thus eadiibiting 
complex depth p r o f i l e s . The c rys ta l l i zed specin^ns have been found t o 
develop a th icker oxide than that in the amorphous case / 5 8 / . A compi-
l a t i on of oxidation and corrosion studies on some Pe-based metallic 
g l a s s e s , r e l a t ing to the work reported here , i s presented in TABIE 2 . 3 . 
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TABLE 2 . 3 Oxida t ion /Corros ion s t u d i e s on some i ron-based m e t a l l i c g l a s s e s . 
Al loy Medium Expt . Method Ref. 
P e . „ „ B 1M HCL P o t e n t i o e t a t i c 48 
0.5M HgSO 
Feg„Co B Si^ O.ceSMH^SO W e i ^ t I c e s and p o t e r t i o - 46 
0.05M HCI dynamic anodic p o l a r i e a t i o n 
0.C25M HpSO and XPS. 
+xg/ l NaCl 
(^=0.5,2_,5_) 
Pe^„Co. B. S i . Ammonium n i t r a t e Mossbauer Spec t . 47 
^ ' ^ ^ (A5%) X-ray d i f f r a c t ion 
W^3'fh'5^^.. - _ 1 : '! _ 
Peg„Co^gB^^Si^ Native oxide AES 57 
P S Q ^ P ^ 0.5 M sulptxate s o l u - P o t e n i o s t a t i c 45 
t u i o n and AES 
!'io!V_^2-.-^!¥V-¥^^ 
Pe B Si Nat . oxide AES 59 
"^ + i n s i t u ox ida t i on 
Cu, Zr . o x i d a t i o n X-ray d i f f r a c t i o n , DTA, 53 
^ ^ Elec?-tTon oi 'cro«copy 
P e „ N i , . C r , P._B^ pH5:0.5M Na^SO, Potentiodynamic 54 
32 3D 14 V 6 „ „ ^ 4 
+ I^SO and- ^p ^ g 
o x i d a t i o n _ _ _ _ _ 
P e ^ N i gCr P^2^g Oxida t ion Ellipf 'ometry 51 
^ ^ 0 ^ S / 1 2 ^ 6 _ _ ^ S 
o x i d a t i o n 
f 7 6 f 1 2 ^ 2 " " 
Pe gNi^gCr P B pH5:0.5M Na SO Potentiodynamic 50 
PP Wi P B + "cSO. ^ + XPS 
^ ^ 4 0 % 0^14^6 2 4 
^^40^So^^7^2^15^6 
TABLE 2 . 3 ( c o n t d . ) 
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Alloy 
^^32^S6^^14^12^6 
^S6^^32'^14^12^6 
^^80^™^3^17 
Medium 
Native oxide 
Native oxide 
+ 
Surface ox ida t ion 
0.01 M HC1„, 04 
+ 0.99 M NaClQ^^  
0.01 M HCl 
+ 0.99 M NaCl 
Expt .Method 
XPS + /lES 
AES 
P o t e n t i o s t a t i c 
Ref. 
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CHAPTER I I I 
EXPERIMENTAL AKD DATA ANALYSIS 
5.1 IMTRODUCTION 
Diffusion s t u d i e s were c a r r i e d out by using d i r e c t methods. 
The compos i t iona l depth p r o f i l e s before and a f t e r t h e d i f fu s ion annea l ing 
t r e a t m e n t were determined by using the t echn iques of Rutherford B a c k s c a t t -
e r i n g Spectrometry ( E B S ) and Auger E l e c t r o n Spectroscopy ( A B S ) . The 
d i f f u s i o n c o e f f i c i e n t s were obtained by ana lys ing the da t a wi th the h e l p 
of t h i c k f i l m s o l u t i o n of the d i f f u s i o n equat ion or by so lv ing i t numeri-
c a l l y i n case of t h i n f i l m of d i f f u s i n g s p e c i e s . Oxida t ion s t u d i e s were 
c a r r i e d out by X-ray pho toe l ec t ron spec t roscopy (XPS) and AES. This 
c h a p t e r g i v e s an account of exper imenta l t echn iques and da ta a n a l y s i s 
p r o c e d u r e . 
3-2 SJRECIMEN PREPARATION 
For c a r r y i n g out d i f f u s i o n s t u d i e s , t h e m e t a l l i c g l a s s specimens 
were taken i n t h r e e d i s t i r c t s t r u c t u r a l s t a t e s , namely, 
(1) As-quenched or as melt-epun (denoted by Q ) , 
(2) Relaxed g lass obtained a f te r subjecting i t t o a short anneal near T , 
the glass t r an s i t i on temperature (denoted by R ) > and 
(3) Crys ta l l i sed specimens obtained by c rys t a l l i z ing the as-quenched glass 
(denoted by G ) . 
The relaxed and crystallized specimens were obtained after 
subjecting them to the appropriate heat treatments as mentioned in 
TABLE 3.1. The glass transition temperature (Tg) and the crystallization 
temperature (TJ) were determined by differential scanning calorimetry (DSC), 
observing the endothermlc and exothermic peaks respectively. This is 
illustrated in Pig. 3.1. 
The treatments mentioned in TABIE 3.1 were carried out in a 
vacuum furnace under a vacuum of better than 1x10 Toir. The temperature 
control was of the order of ^  IK . Amorjhous or crystalline nature of 
specimens was checked by X-ray diffraction and differential scanning 
calorimetry (DSC). 
a : Fe32Bj3 
b ' FesoB20 
HEATING RATE = 
20K/min 
Tx =726K(Tp»745 K) 
T^ =725K(Tp«74f K) 
673 693 713 733 753 
TEMPERATURE (K) 
3.1-DSC THERMOGRAMS FOR METALLIC GLASSES 
a:FeQ2B|8 ; b: FOQQ Bgo OBTAINED AT A HEAT 
ING RATE OF 20 K/mln. Tx AND Tp INDICATE 
THE CRYSTALLIZATION TEMPERATURE AND THE 
CRYSTALLIZATION PEAK TEMP RESPECTIVELY 
TABIE 3.1 Glass parameters and structural treatments 
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Glass Average Average T T 
Width Thick- ^ ^ 
(mm) ness 
( jm) (K) (K) 
Relaxation Crystallization 
Treatment Treatment 
^^8f^20 
^^82^18 
2^61^S9 
'^65^S5 
Zrg^Hi^^ 
^ey '^^ iB^u^ i^ 
^ ^ 8 l B i 3 . 5 ^ S 5 ^ 2 
4 
2 .5 
3.5 
3.5 
2 .5 
50 
50 
30 
48 
30 
30 
35 
40 
40 
744.9 
740.9 
750 
719 
709 
737.8 
798.5 
726 
725 
741 
710 
701 
715 
790 
62 3K, 
65 3K, 
653K, 
15min. 
ICtain. 
IQnin. 
823K, 150min. 
* Determined at a heating r a t e of 20K/min in a DSC. 
Note : Tp i s the c r y s t a l l i z a t i o n peak temperature in the DSC thermogram 
3.2.1 Polishing of Specimens 
Specimens, each approximately 1.5cm. long, were cut from ribbons 
of various metal l ic g l a s ses . The specimens were f i r s t mechanically 
polished on a 600-grit easry paper and then e l ec t ro ly t i c a l l y polished. 
The c ry s t a l l i z ed specimens were very b r i t t l e . Hence, they were polished 
e l e c t r o l y t i c a l l y only and extreme care was taken in handling them. 
The e lec t ro ly te for Pe-based glasses contained 90 parts ethanol 
and 10 parts perchloric acid / 1 / . The beth temperature was maintained 
at 23yK and was operated at 20V. In the case of Zr-based g l a s se s , 
500 ml. of the polishing solut ion / 2 / contained 300 ml. of methanol, 
170 ml. of n-butyl alchohol and 30 ml. of perchloric acid and was operated 
at 20V and 227TC. 
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3.2.2 Thin Film Deposition 
The polished specimens were mounted on a stand in a b e l l - j a r of 
a coating unit ( P i g . 3 . 2 ) . The specimens were approximately 15 cms. away 
from the charge contained e i ther in a filament or a boa t . The b e l l - j a r 
wae l a t e r evacuated with the help of a ro tary pump and a diffusion pump 
provided with a l iquid nitrogen t rap which produced an ultimate vacuum 
-5 
of OS. 1x10 Torr. The charge was then evaporated by passing sui table 
e l e c t r i c current t h r o u ^ the filament or boat . TiBLE 3 •2 gives some 
parameters of the elements whose th in films were deposited by th i s 
technique . These elements were of 99.99^purity. 
The thickness of th in films of Au, Sb, Pb and Bi were found 
by Rutherford backscattering spectrometry (RBS) , vrtiile the thickness 
of Cu, Ni and Pe films were obtained using Energy dispersive X-ray 
emission spectroscopy, using primary beam of X-rays of 16 KeV average 
energy obtained from Pu . The Al-film thickness was measured by an 
interferometry method. The measured thickness of the deposited films of 
0 
various diffusing species was in the approximate range 100-1800 A. 
The d e t a i l s of methods for fi lm-thickness measurement are given in / 3 - 5 / . 
The interface oxygen level in coated specimens was checked by a depth 
profi le in Auger Electron spectroecopy with argon ion sput ter ing. This 
i s shown in Pig .3-J- In the case of Au, Cu, Al tiid Ni filme the Auger 
(in pure film region) 
peak-to-peak h e i ^ t (PIH) r a t io of oxygen to these elements/at the i n t e r -
face Was less than 10^. However, in other cases t h i s r a t i o varied upto 
30^« Samples having oxygen ra t io greater than 30^ at the interface were 
not used for diffusion s t u d i e s . 
3.2 .3 Diffusion Annealing 
The coated specimens were sealed in small pyrex-glass capsules, 
which were f i r s t evacuted and l a t e r flushed and f i l l ed with pure helium 
gas at a pressure of 250 mm of Hg. In most of the cases , each capsule 
contained three specimens of the same type but with different s t ruc tures , 
namely, as-quenched, relaxed and c rys ta l l ine (Q , R, and c ) . In case of 
Pe-based specimens a small piece of polished zircaloy-2 was also sealed 
alongwith the specimens to act- as a g e t t e r during annealing. 
HIGH VACUUM 
VALVE 
VACUUM 
CHAMBER 
LIQUID NITROGEN 
COLD TRAP 
DIFFUSION PUMP 
PI 
BASE PLATE 
nt: 
] TCG(J 
BELL JAR 
VENT 
ROUGHING VALVE 
FORE PUMP 
VENT 
FORELINE 
VALVE 
DG-INDICATES POSITION OF DISCHARGE GAUGE 
TC.G.-INDICATES POSITIONS OF THERMOCOUPLE GAUGE 
FIG. 3.2-TYPICAL BELL JAR SYSTEM USED FOR 
DEPOSITION OF THIN FILM OF DIFFUSING 
SPECIES. 
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TABIE 3.2 Data ; on evapora t ion of meta ls 
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Element Temperature ( K ) 
m.p . 
Support 
Filament 
Used 
Boat P 
Bi 544 
601 
943 
988 
Ta 
Ta 
Sb 903 803 to 
Al 
Au 
Cu 
Ni 
Pe 
932 
1336 
1-557 
1723 
1809 
1493 
1673 
1533 
1803 
1753 
W 
W 
w 
w 
w 
I _2 
T * g i v e s the approximate tempera tures r equ i red t o produce 10 Torr 
p r e s s u r e . 
The sea led specimens were annealed i n a furnace having a tempe-
r a t u r e accuracy of +_ IK . However, t he Pb-coated specimens were annealed 
-5 
i n a vacuum furnace ope ra t ed a t a p res su re b e t t e r than 2x10 T o r r . 
The specimens conta ined i n the ampules were quenched i n water 
a f t e r h e a t - t r e a t m e n t . Per h e a t - t r e a t m e n t i n a vacuum fu rnace , the 
t empera tu re was con t inuous ly monitored by no t ing down the corresponding 
mV r e a d i n g of a chrome1-alumel thermocouple a f t e r in t roduc ing t h e s i l i c a 
tube con ta in ing the specinen i n t o the f u r n a c e . The s i l i c a tube was c o n t -
i n u o u s l y pumped t o a pressure of ^ 2x10 t o r r . The temperature "time 
da t a t h u s recorded were l a t e r used t o c o r r e c t for the anneal ing time ' t ' 
accord ing t o t h e procedure g iven in r e f e rence / 6 / . The annea l ing temper-
a t u r e s and d u r a t i o n s t o wbich the coated specimens of d i f f e r e n t m e t a l l i c 
g l a s s e s were subjec ted for d i f f u s i o n s t u d i e s a re l i s t e d i n v a r i o u s 
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TABLES £ i v e n i n CHAFHER IV . 
o 
In c a s e s of t h i c k f i lms (1000-2000 A) of Pb and B i , i t was found 
by scanning e l e c t r o n microscopy (SEM) i n v e s t i g a t i o n s t h a t small g lobu les 
were formed a f t e r the h e a t - t r e a t m e n t above 590K i n the f i lm r eg ion as 
shown i n P i g . 3 . 4 . Such samples cannot be used t o ob t a in r e l i a b l e depth 
p r o f i l e s . Hence, the d i f f u s i o n of lb was s tud ied by depos i t i ng a t h i n 
o 
f i l m ('idlOO A ) as done by AMitar e t a l . / ? / . In t h i s c a s e , the SEM 
examinat ion of h e a t t r e a t e d specimens did not r e v e a l any g lobule f o r -
ma t ion . These r e s u l t s a re d i s cus sed in d e t a i l i n CSiapter IV. 
5 .3 EXPERIMENTAL TECHNIQUES 
The composi t ional depth p r o f i l e s of the coated specimens before 
by 
and a f t e r d i f fus ion annea l ing were o b t a i n e d / i e i n g the t echn iques of 
Ruther ford B a c k s c a t t e r i n g Spectrometry ( R B S ) and Auger E l e c t r o n Spec t ro -
scopy ( A E S ) . The bas i c p r i n c i p l e s and the procedure f o r ob ta in ing the 
c o n c e n t r a t i o n p r o f i l e s us ing these t echn iques a re descr ibed i n the 
fo l lowing s e c t i o n s . 
3 .3 .1 Rutherford B a c k s c a t t e r i n g Spectrometry ( R B S ) 
The method of concent: a t i o n p r o f i l e detc.-rmination by Rutherfoi*d 
B a c k s c a t t e r i n g Spect rometry (RBS ) i s descr ibed be low. 
3 . 3 . 1 .1 Mass I d e n t i f i c a t i o n 
Let a p r o j e c t i l e of mass m (He i o n ) with energy EQ c o l l i d e 
e l a s t i c a l l y wi th a s t a t i o n a r y t a r g e t atom wi th mass M (see P i g . 3 . 5 ) . The 
e n e r g i e s of the s c a t t e r e d p r o j e c t i l e and r e c o i l p a r t i c l e can be c a l c u l a t e d 
from the momentum and energy conserva t ion l a w s . I t i s easy t o show / 8 / 
t h a t the r a t i o of the p r o j e c t i l e ene rg ies a f t e r and before c o l l i s i o n , 
K,^  = E'/E^ , i s given by 
+ ^/ M - m % = E' = mc0s9   sin 0 (5.1) 
E^ m + M 
where Q is the angle of scattering. 
Pig . 3.4 SEM micrograph showing globules formation on a ' '^22 0QA 
Bi film on P e ^ p _ metallic g lass (as-quenched), annealed at 
588K, 300 min. 
aci-
TARGET ATOM 
M 
PROJECTILE 
m 
"^9 
•o 
Fig. 3.5. Schematic repres«nt(itk>n of an elastic collision bstw@«n o 
projsction of moss m end snergj/ Eo and a tcrget 
atom of moss M which is initials^ ci rest. 
ANALYSM6 
BEAy 
DETECTOR 
Fig. 3.6. Schematic of a Rutherford bockscatt^ing spsctrometry 
( BBS ) experiment for determining concentration 
depth profile 
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The factor K^ . i s referred t o as the ' Idrematic fac tor ' and provides the 
bas is f^r mass ident i f ica t ion iu an EBS experimen . By meaauring E'/i) , 
knowing m and Q , one can solve Eqn.(3. l ) for unknown M, thus providing 
the mass a n a l y s i s . Eqn.(3 . l ) c lear ly indicates that the ICBSB separation 
i s maximum a t backward angles ( 9 - ^ 180°), so for good mass reso lu t ion , 
RBS experiments are performed a t 9 ' ^ 160°-180°. 
3.3.1 .2 Depth Determination 
The incident energy of the pro jec t i les i s E aM the scat tered 
pa r t i c l e s have energy K ^ when scat tered from the surface atoms. Now 
consider the case when a par t ic le incident normally i s scattered at a 
depth ' t ' and emerges from the target into the detector (see P i g . 3 . 6 ) . 
The energy of the pro jec t i le ions jus t before sca t te r ing i s E^  which i s 
l e s s than E as they lose energy by ionizat ion and exci ta t ions of the 
e lect rons in the t a r g e t , and also by nuclear c o l l i s i o n s . The energy of 
the pa r t i c l e ju s t a f t e r the sca t te r ing w i l l be Kl. E. The project i le ion 
fur ther loses energy i n to outward path and emerges from the sample with 
energy E. . The energy E' before sca t te r ing i s given by 
t 
E' = B - ( (dE/dx) dx (3.2) 
o J 
where (dE/dx: ) i s the r a t e of energy loss or the stopping power of the 
p ro jec t i l e in the t a r g e t . The energy E. of the project i le when i t reaches 
the detector after sca t te r ing at a depth ' t ' i s given by 
^ t / o o s ( 7 r - 0 ) 
^1 = ^ ^ " f (dE/dx) dx (3.3) 
0 
The difference in energy ^ E between the par t ic les scat tered from atoms 
on the surface and those scat tered from a deplix ' t ' i s given by 
A E = % E ^ - E^  (3.4) 
Svibstituting from Eqne. (3.2) and (3.3) we get : 
t t / c o s ( 7 ^ - 9 ) 
^ E = K^  \ (dE/Sx) dx + ) (dE/dx) dx (3.5) 
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Eqn. ( 3 . 5 ) p rovides a r e l a t i o n ^ i p between ihe energy sh i i ' t A E ard liie 
dep th t . I t should be noted here t h ^ t x=0 r e f e r s t o (dE/dx) a t energy E 
in the f i r s t i n t e g r a l , but r e f e r s t o energy K. E ' i n the second i n t e g r a l . 
S i m i l a r l y , t he upper l i m i t s correspond t o e n e r g i e s E ' and E^  r e s p e c t i v e l y . 
Eqn. ( 3 . 5 ) permits us t o c a l c u l a t e the depth t provided h E ia 
measured- Since dE/dx i s a ve ry smooth func t ion of E, Eqn . (3 .5 ) can be 
s i m p l i f i e d using many approximations and one such approximation assumes 
a l i n e a r r e l a t i o n s h i p between energy l o s s and depth t h a t can be expressed 
as 
^ ^ " D 1 ^ (3 .6 ) 
where \ S l i s c a l l e d the b a c k s e a t t e r i n g energy l o s s f a c t o r and i t changes 
v e r y s lowly a s a func t ion of E and t . I f we r e s t r i c t ourse lves t o the 
n e a r su r face r e g i o n or when the f i l m i s very t h i n , we can assume t h a t the 
energy l o s s i s smal l compared to E . The s topping power (dE/dx) may be 
t r e a t e d as a cons t an t over each segment of the p a t h , and can be evaluated 
a t energy E f o r t h e inward path and energy K ^ for the outward p a t h . 
Eqn . (3 .5) then becomes p * 
1 (dE/dx) 
Oos(n-0) A E = Kjj (dE/dx )| E=E. 
There fo re , we can have 
h 
= Kjj( dE/dx) 
^=¥=0 
(3.7)"" 
[•] M E=E. 1 (dE/dx) Cos (7^. 9 ) 
h 
(3.8) 
E: =^c 
where the s u p e r s c r i p t h deno tes the s t o p p i r ^ medium c a l l e d the ' h o s t ' 
and t h e s u b s c r i p t M r e f e r s t o t h e s c a t t e r i n g a tom. The h o s t could be 
a pure e l e m e n t a l m a t e r i a l , an a l l o y (sis i n our c a s e ) or a compound. 
Eqn . (3 .8 ) obta ined under su r face energy approximation i s v a l i d only fo r 
smal l d e p t h s , t y p i c a l l y i n the range u p t o ^ l L(_m. I t i s advantageous 
t o express depth and s topp ing power in u n i t s of atoms/cm , hence Eqn. (3 .6 
can be w r i t t e n as 
and 
{:^E= l[f] (Nt)=[j;,](Nt) (3 .9 ) 
(3 .10) 
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^ e r e N i s the number of atoms per unit volume, (Nt) i s the depth in 
terms ox' atoms/cm a n d f t l i s usudlly called the stepping cross-sect ion 
f a c t o r . Prom Eqns.(3.8) and (3 . I0 ) , we get 
tl h _ , h / „ N . h , i"i\)* _ i ^ ^ " ( v „ ) (3.11) 
C'{-E)= ( 1 ) (dE/dx) (3.12) 
^ \ 
t . ( E ) i s ca l led the stopping cross-sect ion in eV-cm /atom. The merit 
of using £, ( E ) instead of dE/dx i s that when one deals with multielement 
t a r g e t s , the assumption of add i t iv i ty of stopping cross-sect ions (Bragg 
Rule) , Di^ iich i s made on the molecular and atomic sca le , can be applied 
/ 8 / . Thus, in a mixture of atoms A and B (a compound or an a l loy) of 
composition ApBq, one can assume from Bragg's Im of a d d i t i v i t y 
^V'i^^ ( P^^^ q£) / ( m ) (3.13) 
The values of ^ were taken from the tabulat ion given by Ziegler / 9 / . 
5.3.1.3 Calculation of Concentration Profile 
Consider the case of backscattering taking place from a sample 
containing atoms of a heavier element i d is t r ibuted near the surface of 
a l i g h t e r host (shown schematically in Pig .3 .7(a) ) . A typical BBS 
speatrum, as shown in P ig .3 .7 (b) , in t h i s case w i l l have two d i s t i nc t 
par ts corresponding to two different masses in the sample. Consider the 
p a r t i c l e s which are detected between energy E and E-^E, where ^ E i s the 
width of an energy channel in the spectrum. These par t i c les correspond to 
s ca t t e r i ng at depths between x and x + ^ x in the sample (Pig.J ' iTa). The 
par t ic les backscattered at "the front surface of the layer 6 x s t a r t with 
t 
energy KE, and f ina l ly enter the detector with energy E whereas the 
par t i c les backscattered a t the back surface of the layer o x emerge out 
of the layer ^ x with energy KE - (^ E ) and f ina l ly reach the detector 
with energy E- ( ^ E ) . In view of the dependence of stopping power on 
energy, the energy losses for these two se ts of par t ic les are different 
ih. 
r-L 
r^-
1 — =::-
CHANNELS (OR ENERGY) 
— * E 
Fig. 3.7. (a) Thick target y ie ld , (b) a typical RBS spectrum. 
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and hence ( ^ E ) i s not equal to ( ^ E ) . 
The height (number of counts per channel; of the spectrum in 
the energy channel E, H^  , i s proportional to the t o t a l number, Q, of 
p a r t i c l e s incident on the t a r g e t , the solid angle , JX , of the detecting 
system, the average d i f fe ren t i a l sca t t e r i rg cross-sect ion, associated 
t 
with energy E at the depth x inmedlately before scat ter ing and the t o t a l 
number of t a rge t atoms per unit area , Ni(x) ^ x , within the depth s l ice 
^ X. Thus 
Hi(E) = Q-CV<5-^(E') % ( X ) 5 X 
^QlKTtiE) Ni(x) ( < ^ E ) ' / [ S ( E ) J " ^ (3.14) 
1 
MX 
where ^ x= ( ^ E ) ' / [ S ( E ) 3 f and [ S ( E ) ] JJ 
i s the backscattering energy loss factor of the impurity atoms in the 
t 
mixture MX, consis t ing of host and impurity atoms, evaluated at E. 
I t can be shown / 8 / tha t 
( S E ) ' = ( ^ E ) t ( K E V £ ( E ) (3.15) 
I t 
If we r e s t r i c t ourselves , to the region near the surface, E Ci E and KS 
' : i KE ';:!.£. 
o 
Under these approximations, 
(^'E) 'X/ {^E) and we have 
Hl(E) = Q J L r i ( E ^ ) %(x) ( S E ) / [ s ( E ^ ) ] f (3.I6) 
The nmsber of incident ions Q can be determined from the amount of charge 
collected by the target and ^ i ( E „ ) i s given by the Rutherford sca t t e r i i ^ 
croBS-eection formula ^ ^ 
16-nto^J ''^^&h-(H^/«^) Btn^fji . . . . ( 3 . 1 7 ) 
If the sol id angle i s known, Eqn.(3.16) gives an absolute measurement 
of N'i{x), i . e . , the depth p ro f i l e . In prac t ice , i t i s d i f f i cu l t to get 
re l iab le experimental values of Q and XI . To circumvent t h i s problem, 
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one makes use of the 'hos t ' yield as a means of c a l i b r a t i o n . If the host 
mater ia l is a single elemental species then the height of the surface 
energy edge of the host spectrum can be analogously wr i t t en as 
H^  = Qi2(5 (^E )^ N^(&E)/ j^S(E^)j ^ (3.18) 
KOh whei^ I S(E jl , i s the backscattering energy loss factccr for the host 
atoms evaluated a t Eo. 
Eliminating Q i2-from EqC«.(3.16) and (3.18), we get 
.(,)_3^V^^ k ^y] f (5.19) 
In case the host i s a binary al loy A B , the height of the spectrum 
corresponding to A atoms in the a l loy can be wri t ten using Eqn.(3.18) as : 
h 
«A= Q i l 6 j E ^ ) . p. I^ ( ^ E ) / ^S(E^)J^ (3.20) 
where the superscript h re fe r s to the a l l o y . A i s generally taken as the 
heavier const i tuent of the a l l o y . H. i s taken as the substrate height 
during the concentration profi^3 determination oi an impixrity i , d i s t r i -
buted in the a l loy , which can be eas i ly shown from Eqn.(3.16) and (3.20) 
to be equal t o : 
\l ^ \b\'^l Vil=PACT Hi^^5 .2 l ) 
g^\[s(EjJj_ (3.22) 
Where PACT = p . I^ 
Eqjis.(3.19) and (3.21) provide an unambigmous determination of 
the depth profile without the use of any standard. I t may be mentioned 
here tha t the depth x appears on the r ight hand side of these equations 
through the energy E. Since the composition i s not known a p r i o r i , 
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the exact calculat ion of I S J . i s not poss ible . In the d i lu te impurity 
l imi t ( <10 atoa^) one may set fsCE^)! 5, : : J J S ( E ) L and thus make use of 
the stopping power of the host i t s e l f . However, for higher impurity 
concentrat ions, an i t e r a t i v e procedure should be followed in order to 
yield consis tent values of N (x) and l SJ . . Another approach could be 
to plot the calculated counts as a function of concentration and obtain 
the concentration corresponding to the observed counts from t h i s p lo t . 
This approach was followed in some cases v^iere the i t e r a t i o n s tended to 
diverge . An elaborate computer programme was developed for calculating 
the compositional depth profile using the above procedure. This i s given 
in APPEiroiX"!. 
3.3.1 .3.1 Estimation of the Substrate Height H. 
Consider the case of a thick fi lm of an element C on a l igh ts r 
host consist ing of elements A and B (for instance, Au film on a binary 
glass Peo-Sp^). Let A be the heavier constituent of the host mater ia l . 
A typical RBS spectrum and the basic energy diagram are shown in Pig . 3 3 . 
Because of the presence of a th ick f i lm on the substrate the 
incident pa r t i c l e s lose an energy<j( ^ E before being scattered from the 
subs t r a t e , where £ \ E gives tY^ net energy loss 'during the t r ave r sa l of 
the irward and the outward paths through the film and oC Is the f ract ion 
of energy lost during the inward journey. The t rue substrate height w i l l 
correspond to the case where pa r t i c l e s of energy E are incident on the 
s u b s t r a t e . Such a s i tua t ion would be obtained i f the film on the subs-
t r a t e i s very t h in or i s t o t a l l y absent . As shown ea r l i e r (Eqn.3-6)> 
we can write 
"" (3.23) 
L. J <^  
r n ^ , 0 Where 
Therefore. 
AE= IS']: .^  
\ s \ ° i s in KeV/ A 
E^ = E^ - (dE/dx)g 
= E^ - (dE/dx) 0 E^ 
. X 
(3.24) 
cKpEo-AE 
( € l ) 
CHANNELS (OR ENERGY) 
Fig. 3.8 (a) Schematic of backscattering yield from a film of an 
element C, (b) a typical RBS spectrum lowing 
substrate height measurement. 
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v>iere ^ E i s the PWHM of the film peak and o^ , rising the d»fini t ion of 
r SJ , i s given by: 
(dE/dx)^, 
o< = 
K^  (dE/dx)Eo + _ L (<iE/dx) g 
i'^'o^ - (,.«) 
K f ^(E ) + 1 C ^ ( K E ) 
c C- ^ 0 r - C e o 
COSO 
The expreasiorfefor -the true and the obBerved heights corresponding to the 
substrate can be wri t ten a s : 
H^  = Q J X 6 ' ( E ) N 5 E/rs(E )1 ^ . (3.26) 
ture o h L o J . 
Hob8.= Q i ^ 6 " ( E ^ ) j ^ ^ E / j ^ S ( E ^ ) | ^ (3.27) 
so t h a t , 
^ t rue - ^obs 
But ^ o C E"^ and \ S ( E ^ ) J ^ / r s ( B ^ ) j v , ^ 1- Therefore, 
(3.28) 
H^  C!i Hobs E, 
true — °^®* 1 
h 
2 
2 E'' (3.29) 
o 
Eqn. (3.29) gives the true substrate h e i ^ t , The energy E^  i s found from 
Eqn.(3.24) . 
3.3.1-3 .2 Correction for the Energy Dependence of Gross-section 
_2 Since the scat ter ing cross-sect ion var ies as E , the observe 
counts have to be corrected for th i s energy dependence of (5~*. For most 
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of the leavy impuri t iss studie-^, KCi 1 and Eqn.(3.25) can be simplified to 
V ^ cog €- (3.30) 
1+ cosG 
so tha t O^ i s independent of stopping properties of the medium. For 
counts at an energy which is at K channels below the surface channel, the 
energy E before sca t te r ing i s given by 
^^^ \ ' ( j tE) Koosf t (3.31) 
1+ ^os0 
Where ^ E denotes Key/channel. Ifhe corrected counts for this channel 
are therefore 2-
H -- H.^« / E^ \ (3.32) 
corr 0"S• 
In most of the ca se s , these correct ions are quite small and there i s no 
appreciable loss in accuracy due to use of approximations such as KCS"! 
and r s ( E ^ ) ] < i i r s ( E ^ ) ^ . 
3.3 .1 •3.3 System Calibration and Resolution 
The channel width ( ^ E ) , normally denoted i n Kev/channel of 
the multichannel analyser , can be obtained by f i r s t recording an RBS 
spectrum of a standard specimen, su<ii as a s i l i con surface iaplanted at a 
very low energy with a h i ^ atomic nunfcer impurity such as bismuth. 
AB indicated in P ig . 3.9, Kev/channel i s calculated as 
^ E = ( ^ i - ^ i ) ^0 Kev/channel (3.33) 
CHI- CH2 
The system resolut ion is determined by the f in i t e energy width 
of the beam, the associated e lec t ronics and the de tec to r . However, the 
ma;jor contribution to the energy resolu t ion (/Hl^'S) comes from the detector 
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and i t was of the order of 20-25 Kev in our ca se . The depth resolut ion 
i^x) i s given by 
A X - A E . (Kev) / [ s ] ( K e v / A ) {3.34) 
Where \_pJ i s the backscattering energy loss factor in Kev/A. This 
depth resolut ion was in the range 150-250 A. 
3.3.1 .4 Experimental Set-up 
The backecattering experiments essen t ia l ly consisted of placing 
a ta rget in a monoenergetic beam of ions of hydrogen, helium or any other 
ligiht element and recording the energy spectrum of "the backscattered 
p a r t i c l e s . These experiments were conducted using the Van-de-Graff 
accelera tor at BARC, Bombay. A well collimated 2 Mev He beam of about 
2-100 nA beam current on target was used. A typical target chamber and 
the detect ion e lec t ron ics assembly are shown schematically in Pig .3 .10 , 
The backscattered pa r t i c l e s were detected at a scat ter ing angle of Oil 65" 
by a surface b a r r i e r de tec to r . The surface ba r r i e r detector gives a 
voltage pulse whose h e i ^ t i s l i nea r ly proportional to the energy of the 
detected p a r t i c l e s . A charge sensi t ive preamplifier and a l inear ampli-
f i e r make the pulse sui table for being fed as the input to a mul t i -
channel pulse height analyser . The output of the multi-channel analyser 
thus y ie lds an energy spectrum of backscattered p a r t i c l e s . Mien a 2 Mev 
He beam and a surface ba r r i e r detector are used, the overall energy 
r e so lu t i on i s ^ 15-20 Kev. The suppressor in front of the ta rget i s 
negatively biased to suppress a l l the secoidary electrons emitted from 
the sample. A current integrator measures the charge accumulated on the 
insulated t a r g e t , providing a measurement of the incident dose to an 
accuracy of b e t t e r than 0 . 1 ^ . The scat ter ing chamber/evacuated to a 
-6 pressure b e t t e r than —- 2x10 ^orr and the beam spot size i s usual ly 
2 1mm . A detai led descr ipt ion of the experimental se t up has been provided 
in many references / e g . , 8 ,10/ . 
TARtrr 
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ACCELERA-
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TARSIT 
OUARCNT 
OtTCCTO* 
L**!!j- MULTI CHANNCI ANALYZER 
ACCELER• 
-ATOR 
ton BEAM 
ENERCY 
l A H A U t E t 
COLLIMA-
-TOR H tcArreRiiw CHAMIER BAeX«C£t ION AWAur^a 
Fig. 3.10 Schematic of an ion bockscattering experiment. 
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3 #3 •^  Auger Electron Spectroscopy (AES) 
This technique is based on an application of the Auger effect 
/ 11 -12 / , A primary beam of rad ia t ion , consisting of electrone or x-rays , 
can ionize an atom by the creation of a vacancy. Core level ionizat ion 
(Pig.3.11) leaves the atom in an excited s t a t e . De-excitation can occur 
by an upper level e lectron (L level in F ig .3 .1 l ) decaying to the core 
hole with the excess energy being transferred t o and causing the eject ion 
of another electron (IK ^ l eve l ) whidi i s by def in i t ion called an Auger 
e l e c t r o n . The Auger t r ans i t ions are denoted by the e lect ron levels 
involved; thus Pig.3.11 i l l u s t r a t e s a KL L „ Auger t r a n s i t i o n . The 
k ine t i c energy of the Auger e lec t ron, in the f i r s t approximation, i s given 
by the differences in the binding energies (referred to the Fermi l eve l ) 
of the three electrons involved in the process: 
E., 1^^,3 ^ \ - \ ' \ ^ "T KL.IK , - E^ - ET - E^ -H>8pect (3.35) 
Where ^ s p e c t i s the work fimction of the material of the spectrometer. 
As the atom has already been ionized, we have to replace E^  by E^ (z ) , 
^ , 3 ^ , 3 
which i s the ionizat ion energy of the atom already ionized in an inner 
s h e l l , and ET- ( Z ) \ E - . ( ) . I t has been suggested by Burhop / I 3 / 
^ , 3 / ^ , 3 
tha t ET (^\ can be represented by the binding energy of an electron in 
the Ig 3 BOb-diell of an element with a higher atomic number, Z +LA J 
% ^ ^ ( Z ) . % ^ 3 ( Z 4 - A ) (3.36) 
Therefore, we have for the energy of the Auger electron: 
\ L ^ I ^ ^ 3 (Z>= .Ej^(z) - ^^{Z)_^^^ ^2+6).(J)^p,^,. (3.3^) 
Experimental values of l \ range between 1/2 and 2 / 3 . I t can be seen from 
these equations that the k ine t i c energy of an Auger electron i s determined 
Ity the binding energies of three electron leve ls and i s thus a unique 
PHOTOCLECTRON 
OR AUGER ELECTRON 
iOUlZmO ELECTRON (KL L2,3) 
1 
wm 
VACUUM 
FERMI i 
VALENCE BAND mmmr:^^''''' SURFACE 
554 •I I cow LEVtLS 
AUGER ELECTRONS ^ K L , L 2 , 3 " ^K "^L,-^Lg^s ""^ 
PHOTOELECTRON Epg • hfc', - E,^  
X-RAY FLUORESCENCE hi/p • Ej^ - E L , 
Fig. 3.11- ENERGY LEVEL DIAGRAM DEPICTING THE AUGER ELEC-
TRON AND PHOTOELECTRON EFFECTS. 
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parameter which can be used for character izat ion of elements. This forms 
the basis of a surface sensi t ive technique called Auger Electron Spectre-^ 
scopy ( A E S ) . The Auger e lec t rons are produced by using an electron beam 
having an energy in the range 3 to 5 KeV. The surface sens i t i v i ty of this 
technique a r i s e s from the fact that the Auger electrons escape from only a 
o 
very short dis tance beneath the target surface ('~'2QA or s o ) . This distance 
i s determined by a parameter called 'mean escape depth' . The mean escape 
depth i s usual ly quite small, commonly <^ 3OA, in the range of Auger electron 
k ine t ic energies 50-15 00 eV. Therefore, i t i s c lear that a good u l t r a -
high vacuum (UHV) in the sample region (CilO Torr or b e t t e r ) i s essent ia l 
so as to avoid any contamination of ihe surface by the adsorption of hydro-
carbons e t c . from the sample chaniber atmosphere. 
In wonfcination with an i n e r t gas ioBs(normally Ar ) e tching, the 
inherent surface s ens i t i v i t y of AES may be u t i l i zed to find out the e l e -
mental concentration as a fimction of depth in the specimen. The ion 
beam forms a c r a t e r (5mm - ICtom d i a . ) which i s large compared with the 
diameter of the electron beam ('^SJU.m). Depth profi l ing is accomplished 
by ccntinuously sensing the elemental composition of the c ra te r bottom 
during sput ter eros ion. 
3 .3-2 . i Quantitative Analysis 
The current of Auger e lec t rons , I , of k inet ic energy, E , from 
element A ija a matrix of a binary a l loy A-B is given by / 1 1 / . 
•'"A, XYZ 
W h e r e , 
• K i B ( V (5.38) 
I = primary electron beam current , 
N. = volume densi ty of A atoms. 
O A ( E ,E ) = cross-sec t ion for ionizat ion of level X in the sample with p ' X 
B.E. 'E ' a t the incident energy E . 
/A(XYZ) = Auger t r a n s i t i o n probabi l i ty , 
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> ( E . ) = t i t a l i n e l a s t i c mean f r ee path (escape dep th ) i n iiie sample 
A' 
AB 
for e l e c t r o n s of K . J . E 
T ( E . ) = ana lyse r t r an smi s s ion e f f i c i e n c y , 
D ( E . ) = e l e c t r o n d e t e c t o r e f f i c i e n c y , 
y . ( E , ) = r a t i o of Auger e l e c t r o n s produced by the backsca t t e r ed f l ux 
of e l e c t r o n s d iv ided by those produced by the primary e l e c t r o n s , 
R. ( E . ) = surface roughness f a c t o r which de f ines the i n t e n s i t y emit ted 
from a surface as a functl'^ n of its rou^ness. 
If t he peak width and shape a re not dependent on composi t ion, t h e n the 
peak h e i ^ t , P-j^ , of the d i f f e r e n t i a t e d spectrum i s p ropor t iona l t o 
I . , The e l emen ta l s e n s i t i v i t y f a c t o r i s def ined from Eqn. (3 .38) as 
(3 .39) 
^e ir© 
^A, XYZ 
c A, XYZ 
^A, XYZ -
^P. ^A 
= ^ ^ ( E p , Ex) y^(XYZ) ^ 
T^^AB^^AT^^^^A) (3.40) 
I f the f a c t o r s i n Eqn. (3 .40) ^an be c a l c u l a t e d , as done by Palmberg / 1 4 / , 
we can f ind N. and IL u s i r g E^n. ( 3 . 3 9 ) . N and IL w i l l be p ropo r t i ona l 
•"3 ~3 
t o X. a . and Xp a. r e s p e c t i v e l y V?here X. and X_ a re the molar 
f r a c t i o n s of A and B in the b i n a r y A-B system whi le a. r e p r e s e n t s the 
a tomic volume. Obviously X./X^ = ^A/^-RJ "''^ ^ r a t i o of the atomic conc-
e n t r a t i o n s of A eind B . Hence, we can w r i t e 
V^A (5.41) 
\ Ci= 1 (C^ + Cg =1 ) 
i= A,B 
and , . . - , . .  
H- h^h (3.42a) I(Vs,) 
i-A,B 
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An ident ica l r e l a t i on as in Eqn. (3.42a) can be derived /15 ,16/ 
for de uermining the r e l a t ive c jncentrations of tlie consti tuents of a 
specimen. In t h i s case the fac tors S. , known as re la t ive s e n s i t i v i t y 
f a c t o r s , are found with respect to some reference element and the summa-
t ion in the denominator obviously extends to a l l the elements under 
considerat ion. A compilation of S. for different elements i s given in 
the form of a handbook / 1 6 / . Thus, we can w r i t e , in general , for the 
concentration of an element A in an N-component system: 
I / S ^ (3.42b) 
CA = -x; ' 
' i ' " i 
i=1 
Where I. and S, are as defined above. 
There are various other approaches for carrying out quanti tat ive 
analysis by AES and a de ta i led discussion on these can be found in 
references /11,17-19/- I t should be noted that the above discussion 
has indicated that there are cer ta in matrix dependent parameters, namely, 
the etoape depth, the backscattering f ac to r , the surface rou^ness and 
the spu t te r - induced changes whose effects should be taken into account 
for quant i f icat ion of AES dat- . Their effect m'-v be s ignif icant in many 
ailloy systems. However, in the present study we have followed a simple 
approach advanced by Hall et a l . / 2 0 - 2 l / . They employed an empirical 
approach in which diffusion constants were obtained from the change in 
the slopes of the depth profiles at the metall ic interface between the 
aged and the unaged samples. The prof i le of the unaged sample was used 
as an overal l correct ion for the sput ter induced broadening, without 
attempting a specific evaluation of the various broadening e f fec t s . 
The peak he ight , I . , in the dN(E)/dE spectrum of the element 1 
can be expressed as (see Eq . (3 .38 ) ) . 
I^ = K^ X^  (3.43) 
The constant K^  depends on the ionizat ion cross-sect ion, the Auger 
t r a n s i t i o n probabi l i ty , the transmission of the cyl indr ica l mirror anal-
yser , the Auger escape depth, the backscattering correction and other 
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experimental fac tors as given in Eqn. (3 .58) . Since/the present s ta te of 
theore t i ca l knowledge K. cannot oe calculated for •^ ny a rb i t a ry system, K. 
must be measured by the use of e1 
known. In general , we may write 
t   standard samples from which X. can be 
'" -:. x^ 
^i - ^i ""i (3.44) 
or 
and from Eqn. (3.43)> we have 
\^ \/\= (i^ /i^ ) xj (3.45) 
Where I. i s the signal h e i ^ t corresponding to the i th element in the 
standard and X. i s the atom fract ion of i in the standard. If a pure-
elemental standard i s used, I. = 1° , X^^ = X. = 1, and hence Eqn.(3.45) 
becomes: 
X^  = 1 /1° (3.46) 
A potent ia l disadvarxtage of usir^g pure standards i» that the 
escape depth and the sput ter yield of the element i in an 'unknown' 
specimen may be considerr>bly djfferent from thost in the pure standard. 
As our method of studying diffusion i s based on subtracting the brosideninge 
in the aged and the unaged specimens, t h i s method of calculat ing the 
r e l a t i v e concentration gives reasonably good r e s u l t s . 
3 .3 .2 .2 Experimental Set-up 
The work reported in t h i s thes is was carried out in a PHI Model 
551 (Hiysical E lec t ronics , I n c . , USA) Electrom Spectrometer. A detai led 
descr ip t ion of the experimental technique and analysis procedures can be 
seen in references / I I ,12 ,15 , 2 2 / . The main features of the spectrometer 
are i l l u s t r a t e d in Pig.3.12 and can be summed up as follows: 
z 
UJ 
I -(/) 
>-
en 
(A 
< 
O (/) 
UJ 
o 
lO 
1^  
o 
I-
u. 
o 
z 
UJ 
(n 
UJ 
ft: 
UJ 
X 
o 
iZ 
a: 
u 
£ i 
2 < 
Q: 
o 
o 
Ul 1-
UJ o 
Q: O 
a: Ul 
1 
o 
Safe 
^ 
^ o « 
tf) G J;> 
3? I l ^ 
S ^ > t a: => 
X X ^ 
UJ w O 
I — 
o 1 
<n 
s'o 
O > 
§ I D 
z 
o 
1 
Q. 
z 
(/) 10 
UJ V) 
8 t Q: Z 
a. D 
' 
(J. 
w 
Ck 
^^ 
UJ 
1 -
v> 
>-
if) 
1-
0. 
z o 
o 
a: 
UJ 
UJ 
o 
Q: h-
o 
Hi 
Q. 
</) 
z 
o 
Q: 
I -
o 
UJ 
- J 
UJ 
z 
< 
u. 
o 
< 
X 
CD 
< 
Q 
o 
o 
-J 
m 
I 
rd 
tZ 
76 
( i ) Erimaxy source of rad ia t ion 
( i l ) Energy Analyser 
( l i i ) Detector 
( iv) Ultra-High Vacuum system 
(Y) Sputter-ion etching system 
(vi ) i)ata Output 
( v i i ) Auger signal processing 
AES: An e lec t ron beam of 3-5KeV energy; 
beam size '^- '^Rm. 
XPS: Mg K^ x-rayB (hY) = 1253.6 eV); 
Al K X-rays (hj) =1486 .6 eV). 
E lec t ros ta t ic double pass cyl inder ical 
mirror analyser (CMA). 
CSianneltron electron mul t ip l ie r . 
y - 9 
A chember pressure <,1x10 Torr 
obtained by using sput ter- ion pumps, 
t i tanium sublimation pump; cryoaor-
ption pump for roughing and 
turbomolecular pump for pre-
introduction diamber. 
The chamber pressure i s brought to 
-5 
5x10 Torr after backf i l l ing i t with 
spectroscopically pure argon gas. 
Argon ions of energy 0.5 to 5 KeV 
can be obtained and ras te r ing over 
a 1mm - ICtom d i a . Circular region 
poss ib le . 
A H)P 11/W computer interfaced with 
the system. 
Pre-amplifier, lock-in amplifier 
(modulation voltage variable 1-1 Ov). 
An important feature of an Auger spectrum i s that AES data are 
normally taken as dN(E)/dE versus E with a potent ia l modulation d i f fe re -
n t i a t i on scheme, where N(E) represents the number of electrons with a 
par t icular energy E. Different ia t ion suppresses the high background 
caused by i n e l a s t i c a l l y scattered electrons / 1 1 , 1 2 / . 
3 .3 .2 .3 Compositional Depth Profile 
A film of the diffusing species having a thickness of 
o 
1000A or so was deposited on the specimen substrate and a depth 
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composition prof i le by AES used in conjunction with argon ion sputtering 
was ob Gained . This profile represented a plot o^ peak-to-peak h e i s t s 
of Auger peaks of various elements versus sput ter ing time. The concen-
t r a t i o n of the diffusing species was then obtained by ncrmalising the 
peak height of the diffusing element by the height of the same peak 
measured in the 'pure ' film - region indicated by the plateau in the 
depth profile . The sputtering ra t e s were obtained by dividing the film 
thickness by the time required to reduce the concentration to 5C^. Then 
the sputter ing-t lme axis could be converted to the distance axis (x) on 
multiplying by the sput ter ing r a t e . These da ta , vdien plotted on a 
probabi l i ty paper (see Fig.5.14), showed a good l i nea r i t y implying that 
both the aged and unaged samples had an error function dependence on x . 
This allowed us to conclude that ( i ) the sput ter ing ra te was reasonably 
constant over t h i s region; ( i i ) the normalization procedure for obtaining 
C^ did not impart any anamolous shape to the curve, and ( i i i ) the 
diffusion coefficient J> was independent of C^, at least over the range 
of compositional l i n e a r i t y . Moreover, during the subtraction of slopes, 
meet of the systematic errors were eliminated. Hall and Morabito / 2 0 / 
have suggested that the sputter ing correction i s not very s ignif icant for 
determining diffusion coef f i c ien t s . Another important aspect of diffusion 
analy^j-s by t h i s method i s th b i t i s based on ( pth profi les obtained 
with high energy Auger e l ec t rons . Auger yields obtained using low energy 
peaks i s affected by surface topograjiiy during sputter profi l ing /23 ,24 / . 
3.3.2.4 System Calibrat ion and Resolution 
An important aspect of quant i ta t ive Auger spectroscopy is that 
the experimental conditions remain unchanged during the experiment. This 
holds pa r t i cu l a r ly for the position of the sample with respect to the 
a n a l y s i s . Therefore, the system i s ca l ibra ted by using a 2 KeV primary 
beam of e lect rons and analysing the e l a s t i c a l l y ref lected electrons from 
the t a rge t surface by the analyser . The position of the sample i s then 
adjusted so that liie e l a s t i c peak has a symmetrical shape and the correct 
energy as observed on an osci l loscope. This procedure eliminates d i f fer -
erices in peak h e l ^ - t due t o saiaple pos i t ioning . 
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The m&in contributions to the l imi ta t ion in energy resolut ion 
come from the f i n i t e energy width of the primary e lec t ron beam, the 
associated e lec t ronics and the analyser reso lu t ion . Since the Auger 
process involves three levels i t is obvious that Auger peaks are appre-
c i ab ly broader; and if valence band Auger t r ans i t ion are involved instead 
of a d iscre te l e v e l , the Auger peak could be twice the band width''V^ 16eV. 
A further contr ibut ion to the width of an Auger peak comes from l i f e time 
broadening due to the short t r a n s i t i o n time ^^0~ sec . )* 
5 .3 .3 Comparison of EBS and AES 
RBS and AES are complimentary techniques from the point of view 
of t he i r ana ly t ica l c a p a b i l i t i e s . Each has got i t s own merits and 
demer i t s . RBS provides an absolute determination of composition and 
the composition and depth values corresponding to major consti tuents 
can be obtained without the requirement of ca l ibra t ion standards . It has 
a good s e n s i t i v i t y (-^0.1 at ^ ) for heavy elements in l i gh t substrates 
but i s r e l a t i v e l y insensi t ive to the l i gh t elements eg. oxygen, carbon 
and nitrogen - which are the common contaminants in thin films deposited 
on target subs t r a t e s . The technique is non-destructive and can provide 
typ ica l measurements of thickness and concentration with an accuracy of 
about b'fo and a depth resolu t ion of about 150-200A in the near surface 
region when a solid s ta te detector is used. I t i s not sens i t ive to l ight 
impurit ies in a heavy element matrix. Though capable of providing a 
rapid ana lys is of specimens, t k i s technique an acce lera tor . 
AES has a sens i t iv i ty in the range of 0.^fo of a monolayer 
comparable to that of RBS but a major drawback/this technique i s that 
changes are brought about by the sputtering process in the surface comp-
o s i t i o n . Preferent ia l sputter ing and the knock-on effect are the 
sput ter ing effects / 2 5 / that can cause the elemental composition of the 
surface to be di f ferent from the bulk value . However nearly a l l elements 
can be detected by t h i s technique which has a greater s ens i t i v i t y for low 
0 
atomic number elements. AES has a depth resolut ion of about 1 0 to 30 A 
at the surface. However, with increasing depth sputtering effects cause 
the resolut ion to become poorer. This technique provides only a 
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semi-quanti tat ive analysis and yields only the r e l a t ive composition of 
the el . rnente present in a sami .e . As discussed i r l i e r in section 3 •3-2.1 , 
the measurement of surface composition involves a number of matrix-
dependent parameters whose effects in an unknown specimen are not usually 
known. In view of t h i s uncertainty, the accuracy in surface composition 
can be expected to be between 2 0 to 5C^. 
^ combination of both these complementary techniques can provide 
a complete quant i ta t ive elemental analysis with greater accuracy. In the 
present work we have used RBS for studying the diffusion of high Z species 
and AES for that of low Z species . The in te r fac ia l levels of oxygen and 
of other contaminants in the diffusion specimens were checked by AES. A 
comparison of Au diffusion data in various g lasses , obtained by the two 
techniques, was also car r ied ou t . These r e su l t s are presented in 
Chapter IV. A detai led comparison of these two techniques can be found 
in a number of review a r t i c l e s / e g . , 10 ,12/ . 
3.4 Diffusion Equation 
Diffusion i s the movenfent of atomic species from a region of 
high concentration to a region of low concentrat ion. In general , the 
r a t e of diffusion i s proportional to the concentration gradient . 
Matheruatically, the diffusion process in an isot -opic medium can be 
represented by Pick ' s laws /6 ,26/which are expressed by the following 
equat ions: 
P ick ' s f i r s t law : J = - D grad C (3.4?) 
F i c k ' s second law :C>C = div (D grad c) (3.48) 
Where C is the concentration of the diffusing species , J i s the flux of 
diffusing atoms, and D i s known as the d i f fus iv i ty or diffusion constant 
2 2 
or diffusion coefficient . D has the uni ts of cm /sec or m / sec . In the 
one dimensional case , Eqns. (3.4?) and (3.48) reduce tc 0 
J = - D O C (3 .49 ) 
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Prac t i ca l diffusion s tudies can be t a r r i e d out only under non-steady 
s t a t e conditions ( o S / J x 4 o ) . Thus we have to solve Eqn.(3.50) under 
su i tab le boundary condi t ions . We sha l l now es tabl ish a formalism which 
has been used in t h i s work for calculat ing D from Eqn. (3 .50) . 
3.4.1 Thick Film Solution 
Consider that a semi-infinite film of the diffusing species i s 
deposited on the surface of an emorphous al loy which ac ts as a semi-
i n f i n i t e diffusion medium. The diffusing species with an i n i t i a l 
concentrat ion Ci i s allowed to diffuse across a common interface at x 
o 
and Cg i s the concentration of the diffusing species in the substrate 
before diffusion annealing as in Pig . 3.13- The boundary conditions 
pertaining to t h i s s i tua t ion a re : 
(3.51) 
(3.52) 
(3.53) 
(3.54) 
Assuming that D i s independent of pos i t ion , the diffusion Eqn.(3.50) 
becomes: 
" ^ 0 = 3 ) ^ ^ 0 (3.55) 
C ( x , 0 ) 31 C. 
C ( x , 0 ) = Gg 
C (-<,o,t) = C^  
C ( ,0C , t ) = Gj 
at 
at 
^ < ^ 0 
^ > *o 
-9^ "B 2 
Under the boundary conditions l i s t ed above in Eqns. (3.51 to 3.54), 
Eqn.(3.55) has the following solution / 6 , 2 6 , 2 7 / . 
2 1 \ . , _ ^ (x-3^° .r, (3.56) C(x, t} = C. + - ^ ^ - i \ U erf . - ^ ^ ^ 
^ ^ ' (4Dt)* 
Where c(x,t) gives the concentration or atom fraction at a distance 
(x-x» ) from the interface at x^ , ^ t is the diffusion annealing time in 
seconds and D is the diffusion constant. The error function erf(z) is 
given by: z ^ 
e^ =^^  (3.57) 
erf (z) = - ~ r - 5 
<7\ ^ 
DISTANCE X 
Fig. 3.13. Composition profiles in a thick filn)-olloy diffusion 
couple. 
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The function i s avai lable in mathematical tables / 2 8 / and can also be 
obtained by empirical formulae / 2 9 / . We used the following empirical 
r e l a t i o n for obtaining the values of the error function in the Computer 
programme given in APHIKDIX I . 
2 
e r f (x ) = 1 - (a^t + a2t^+ a^t^+ a^t^+a^t^) e~^ + ^ (x ) (3.58) 
Where t = 7-7—^—t— (1+px} 
and | ^ ( x ) | ^ 1.5x10"'^ 
P = 0.32759 11 
a^= 0.25482 9592 
a2=-0.28449 6736 
a^= 1.42141 3741 
a^= 1.45315 2027 
a^^ 1 .06140 5429 
This method of analysis i s also known as the Grube method. A typica l 
grajAi of C(x,t) versus (x-xo) , the depth, as relf .ed by Eqn.(3.55) wil l 
be a s t ra igh t l ine on a probabi l i ty paper with a slope of 1/j47^Dt 
For the case when 0 =^ .0 and C^=0.9 (concentrations expressed in atomic 
f r ac t i ons ) , Eqn.(3.56) reduces to a simple form: 
C ( x , t ) . i [ ^ , erf # : i A (3.59) 
'I (4 Dt)2 
1) A'^ t^ Determination of D 
When a Gaussian diffusion process i s recorded by an instrument 
whose response i s also Gaussian, then the uncorrected profi le i s Gaussian 
and the observed broadening i s given by the concentration gradient , G, 
as / 3 0 / : 
-2 -2 -2 
*.bi, . = ^diff. ^ ^ i n a t r . (3-60) 
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In a mult i -s tage diffusion process, since diffusion times add l inea r ly , 
diffusion distances ( 4Dt) add as the square root of the sum of the 
squares . Therefore, a similar r e l a t ion i s valid if some diffusion occurs 
before the i n i t i a l profi le i s measured. Contributions from other broad-
ening e f fec t s such as roughness and microscopic non-uniformities of 
th ickness or composition wi l l add in the same way provided they themselves 
are Gaussian. Thus, we can write 
-2 -2 -2 -2 -2 -2 
G V = G j ^ * * + G. , , , . „ - + G. , + G . + G + . . ( 3 . 6 1 ) 
obs . d i f f . m i t . d i f f , m s t r . rough-
Deconvolution then is a simple subtract ion, vrtiich gives the broadening 
due to actual diffusion as 
^diff. I ob8,J t=t I obs. I t=0 (3.62) 
This fo - -sm i s va l id to the extent t o which the measured profi les 
before and af ter diffusion annealing can be f i t t e d by the error functions-
a point which can be eas i ly tested from the l i n e a r i t y of plots on the 
p robab i l i ty paper as shown in Pig . 3.14. Different ia t ing Eqn.(3.59) 
w . r . t . X to obtain the s lope, we ge t : 
[• ^diff . = -(^IS^'^f exp I -(x-xo f \ (3.63) 4])t 
so tha t at the interface x^ x;^  
•"diff W f = - ^'T\^^^^ ^5.64) 
The effects of resolut ion , roughness and i n i t i a l diffusion can then be 
subtracted from a measured G, at time t , following Eqn. (3.62) 
-2 -2 
G, - G = 47rDt (3.65) 
t o ' ' 
so t h a t , 
D =1 4 7yG t (3.66) 
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I t can be eas i ly shewn /19,2 0/ that the gradient G i s 1' 
divided by the difference in distance between 89.5^ and 10.5^ points 
on the probabil i ty paper p lo t , i . e . 
^- ^ ^ 0 . 8 9 5 - ^ 0 . 1 0 5 ^ " ' ^^-^^^ 
Another method of obtaining the slope G i s to plot the argument of the 
e r ro r function (x-Xo V(4Dt )^ corresponding to the error function value 
of ^ C(x,t) -f | according to Eqn.(3.59) versus the depth (X-XQ) on 
a l inear graph paper. The slope of the s t ra ight l ine thus obtained wi l l 
be l/(4Dt)^ which can be used to find D from Eqn.(3.65). This i s i l l u -
s t ra ted in P ig . 3.14(b). 
An important feature of such plots i s that the t a i l s of these 
curves appear to be s t ra ight l ines and thus correspond to a single 
dif fusion coeff ic ient D. The values of D can be calculated,from these 
straigV ne t a i l s , i n the amorphous a l l oy . Moreover, the i n i t i a l 
port ion of such a curve, i . e . , the portion corresponding t o the depo-
may have i t s slope 
s i t ed f i lm , / i den t i c a l to the slope associated with a sample which has 
not been annealed, i . e . , G , | t=0. 
An elaborate computer programme was developed for ca lcula t ing D 
by t h i s method. This programme has been given in APPEHDIX I . 
3 .4 .2 Solution by Numerical Method 
In cases where the diffusion distances (4Dt)' i s of the order of 
the f i lm thickness, the diffusion equation was solved numerically, using 
the f i n i t e difference method. In t h i s method, the sample surface region 
i s divided into a large nuii4)er of l aye r s , each of width Q x . The concen-
t r a t i o n of the - j^th layer at time t i s denoted by G . ( t ) , and i=1 
corresponds to the top surface Eqn.(3.55) i s then replaced by the f i n i t e 
difference analogue / 3 1 / in the following manner: 
C^Ct+At) = C j t ) + ^ A t 1 C^^/ t ) - 2 C^(t) + C^_^(t) (3.68) 
for i= 2 , 3 , . . . . N 
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^ere K is the total number of layers and LJ •*- is the time step. The 
solution of this difference eountion will agree v.ith that of the diff-
usion equation provided the convergence criterion 
DAt/(Axf< k (3.69) 
Laces i s s a t i s f i e d . The boundary condition (oc/^x) „ =0 repl£ 
Eqn.(3.68) by the following equation valid for i=1 , i . e . , for the f i r s t 
s t ep : 
G^( t + A t ) .= C^(t) + j A t (c^^-,(t) - C^(t))for 1=1 (5.70) 
(Axf 
Similarly the boundary conditionO(t^i ,0)=O i s applied to the (K+1 ) 
l aye r , such that C^ . ^ ( t )=0 . Obviously N should be chosen such that 
N ( / l x ) > > ( 4 D t ) * (3.71) 
The numerically calculated prof i le i s then folded with a Gaussian system 
depth reso lu t ion function. This folded profile i s compered with the 
2 
experimental profile and 1he value of D i s obtained from a minimum^ f i t , 
A computer programme developed for calcula t ing D by t h i s method i s given 
in AF^NDIX I I . 
3.4.3 Grain Boundary Diffusion 
Profile broadening at the interfaces due to diffusion was 
observed. In the case of diffusion in crys ta l l ized specimens (as in the 
case of Au-diffusion), long diffusion t a i l s of nearly constant concen-
t r a t i o n of the diffusing species into the al loy were observed. These 
' t a i l s ' were re la ted to the possible occurreno&of grain .boundary d'iffu-
s i o n . I n t e r ^ i f f u s i o n in t h i ^ films can be explained in terms of 
Whipple's theory of diffusion / 3 2 / , in which grain boundary diffusion 
i s separated from bulk diffusion. In t h i s formalism, i t i s assumed 
t ha t the diffusion coeff ic ients are independent of concentration and 
tha t diffusion in the grain boundaries (B ' ) i s much fas ter than volume 
diffusion through the grain (D) 
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Accordingly, 
C ( x , t ) = ^ C erfc \ x, \ (3.72) 
C^{z,x,t) = i C^  erfc } z -^ /g ' ] erf f x ] (3.73) e 2 ( D t F ] \2(Dt)^ 
-ions 
«8iere C^  and Cp are concentrat/ due to dire«t bulk diffusion and 
sideways diffusion from the grain boundaries respectively. In 
Eqns. (3.72) and (3.73), erf and erfc represent the error function and 
the complimentary error function respectively. In the Whipple model, 
the grain boundaries are assumed to be straight and normal to the inter-
face; X is the depth and 2 is the distance from the centre of the grain 
boundary in the plane of interface, >v is the width of the grain boundary 
and t is the diffusion time. C^  is divided by 2, since diffusion from 
both directions ( + x- directions) is considered. 
Starting with an estimate of D, the grain boundary diffusion 
coefficient D' can be evaluated, as suggested by Le Claire /33/: 
D' ) . 6 6 / l w Y 5 / 3 / ^ S = O-es f^ lnc 'V^^ ( 413y (3.74) 
i s Tfriere C (x,t) is the concentratirn averaged over z. (wlnC/^x ) 
6/5 
obtained from the slope of the inG vs . x plot in the t a i l region as 
illustrated in Pig. 3-15 and A is normally taken as 1QA, However, 
this model is an idealized one and is based on a nunfcer of assumptions. 
For example, grain boundaries are assumed to be uniform and perpendicular 
to the film surface, D' is taken to be independent of concentration, and 
the siorface concentration is assumed to be unity for a l l t ioe . 
3.4.4 Determination of Q and D^  
The diffusivity In amorphous alloys has been found to obey an 
Arrhenius relationship, namely 
D ^. D^ exp ( - Q/WS ) (3 .75 ) 
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QRhere DQ i s the frequency f a c t o r , Q i s the a c t i v a t i o n ene rgy , k i s 
Boltzmtinn's cons tan t and T i s - Dsolute t empera tu i - j . T h e r e f o r e , 0 and 
D a r e determined from the p lo t of IjiD v e r s u s l/T which i s f i t t e d with 
the ' b e s t ' s t r a i ^ t l i n e by the method of l e a s t s q u a r e s . S t a t i s t i c a l 
e r r o r s i n 0 and DQ (Qjf AJ3 and D i./^D ) have a l s o been determined by 
doing a l i n e a r r e g r e s s i o n a n a l y s i s / 3 4 / . A computer programme fo r 
c a l c u l a t i n g these parameters i s g iven in APPENDIX I I I . 
3.5 Oxida t ion Studies 
Besides s tudy ing d i f f u s i o n some ox ida t i on and c o r r o s i o n s t u d i e s 
were a l s o conducted and the t echn iques of X-ray pho to -e l ec t ron s p e c t r o -
scopy (XPS) and Auger e l e c t r o n spec t roscopy ( A E S ) were used i n the 
c h a r a c t e r i z a t i o n of the oxide f i lms formed on the s u r f a c e . These s t u d i e s 
ware c a r r i e d out on the fol lowing commercial Pe-based m e t a l l i c g l a s s e s 
o b t a i n e d from Al l i ed Corpora t ion , USA:-
Glassee Trade Name 
P e g ^ 2 0 METGLAS 2605 
Peg„Co^gB^^Si^ METGLAS 2605 CO 
P€L.B,_ ^Si^ _C„ METGLAS 2605 SC 
The v a r i o u s ox id i z ing or co r ros ive media used i n these s t u d i e s are , 
l i s t e d i n TABLE 3 . 3 . 
TABLE 3 .3 Oxidizing enviroonient and the temperature range fo r ox ida t i on 
s t u d i e s . 
Environment Temperature Range 
Atmosiiiere (Native ox ide) Room Temp. (RT ) 
Air 423-623K 
0.5M ^SO^ adjusted to FH=4 RT 
by a d d i t i o n of H^SO . 
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(*The native oxide was formed on electropolished specimens a f te r 30 days 
exposure; in atmosphere at room temperature (300K) .^ 
Air oxidation was carr ied out in the furnace i t s e l f while a 
spec ia l ly designed system in the Corrosion ^ b . of Metallurgy Division, 
BARC, BoniJay was used for aqueous medium oxidation. 
The samples were electropolished as described in section 3.2.1 
pr ior to oxidation treatments. The samples meant for a i r oxidation were 
mounted on a spec ia l ly designed alumina sample holder , which was inserted 
into the 'hot-zone' of the furnace. The temperature of the furnace was 
contro l led to within +1K. The corrosion studies were carried out on these 
amor^ious a l loys in 0.5M I^SO. solut ion adjusted to pH 4.0 by the addition 
of sulpheric a c i d . Direct weight loss experiments were carried out by 
exposing these a l loys in the above solution for 7 days at room temperature 
(3OOK). The solutions were kept open to a i r . The weights were noted 
before and af ter the exposure. The specimens a f te r the 7 days exposure 
were analysed by AES and XPS. Electrochemical s tudies were carr ied out 
on a l l the three alloys in the K^ SO solut ion (pH 4.0) using a potentio-
s t a t and a three electrode assembly. Platinum and saturated calomel 
e lec t rodes were used as the counter and the reference electrodes respe-
c t i v e l y . The open c i r cu i t potent ia l s of a l l the al loys were allowed to 
s t a b i l i z e in the above solut ion for about 1 hour. The potent ios ta t ic 
polar iza t ion s tudies were then carr ied out in the cathodic d i rec t ion as 
wel l as in the anodic d i rec t ion , ^he solut ion was changed each time after 
one type of polar izat ion for a l l the specimens. In the polar izat ion exp-
eriments the po ten t ia l s were varied in steps of 2 0mV generally and in 
s teps of ICciV in the v ic in i ty of the open c i r cu i t potent ial and the 
corresponding currents were recorded. 
A few specimens, c rys ta l l i zed af ter a heat treatment at 823K 
for 2.5 hours ' in"a vacuum furance, were also subjected to oxidation 
s t ud i e s . The r e s u l t s of these invest igat ions are presented and discussed 
in CHAPTER V. 
The oxide layers formed ae a r e su l t of these oxidation studies 
were cbftraracterized by X-ray fhotoelectron spectroscopy (xPs) and 
Auger e lec t ron spectroscopy ( A E S ) . We have already described in section 
3-3.2 the basic principles involved in analysis by Auger electron 
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spectroscopy. The basic principle of X-ray photoelectron spectroscopy 
(a lso known as ESCA-electron spectroscopy for chemical ana lys i s ) i s 
b r i e f l y outlined below. 
3.5.1 J-Bmj Biotoelectron Spectroscopy (XPS) 
The basic experiment in XPS/11,35/ involves exposing the specimen 
surface to a flux of nearly monoenergetic photons with mean energy h 
(see Pig .3 .11 ) and then observing the resu l tan t emission of photo e lec t rons , 
whose k ine t ic energy ( K . E . ) i s given by the ji iotoelectric equation: 
h l ) = E^ (k) + i^^^ (3.76) 
"Where E, (k) is the binding energy (B.E.) or the ionization potential 
(l.P.) of the k level as referred to the vacuum level and E. . is the 
photoelectron K.E- When the B.E. is referred to the Permi level, 
Eqn.(3.76) becomes 
h ^ = < ^^)^ \in ^t^ (5.77) 
Where the work functionrt) ^ i s defined as the energy separation between 
the vacuum level and the Permi level (see P ig . 3 . i 6 ) , For metallic 
s o l i d s , the respective Permi levels of the specimen and that of the 
spectrometer (electron energy analyser) material wi l l coincide (Pig.3.16), 
However, the respective vacuum levels for -ttie specimen and the spectro-
meter need not be equal so that in passing from the surface of the 
specimen into the spectrometer, an electron wi l l fee l an accelerating 
or re tard ing potent ia l equal to ( |>s - dj) spec t . Where ^ g i s the 
specimen work function and uyspec t i s the spectrometer work function. 
Thus, an i n i t i a l K.E. of E, • ^^ *^e surface of the specimen becomes E, ^  
inside the spectrometer, where E, . i s given by: 
kin •im - t s - '^'P-^ * ''•'"' 
- I V" •T,i*.'*--r 
Specimen 
Etf(K) E (^K) 
1 
hV 
Spectrometer 
•kin Vacuum level • i yqcuu  tevei 
^^^-^^ t 0"spect-0i 
0spect 
' Fermi level. Eg 
Fig. 3.16-ENERGY LEVEL DIAGRAM FOR A METALLIC SPECIMEN IN ELECTRICAL 
EQULIBRIUM WITH AN ELECTRON SPECTROMETER. THE CLOSELY 
SPACED LEVELS NEAR THE FERMI LEVEL Ep REPRESENT THE 
FILLED PORTIONS OF THE VALENCE BANDS IN SPECIMEN AND 
SPECTROMETER. THE DEEPER LEVELS ARE CORE LEVELS. AN 
ANALOGOUS DIAGRAM ALSO APPLIES TO SEMI-CONDUCTING OR 
INSULATING SPECIMENS WITH THE ONLY DIFFERENCE BEING THAT 
Ep LIES SOMEWHERE BETWEEN THE FILLED VALENCE BANDS AN 
THE EMPTY CONDUCTION BANDS ABOVE. 
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Using Eqns.(3.77) and (3.78) we have; 
h i ) = E j ( k ) . ^.^ - < f > , p e c t . (5.79) 
Hecee, the binding energy in a metallic solid can be measured quite eas i ly 
r e l a t i v e to the iden t ica l Fermi levels of the specimen and the spectro-
meter (Fig .3 .16). Since the set of binding energies i s unique for a 
given element, the photoelectron peaks may be used for elemental iden-
t i f i c a t i o n . A typ ica l XPS spectrum represents a plot of in tens i ty of 
photoeleotrons versus the i r binding energy (see Pig . 3 .17) . 
3 .5.1.1 Determination of the Oxidation S ta te . 
Besides elemental iden t i f i ca t ion , XPS provides chemical s ta te 
information. IJiis information can be obtained by the measurement of the 
chemical sh i f t i l E r which i s the shi f t in the binding energy associated 
with a core- leve l photoelectron peak of a par t icu lar element from the 
specimen with respect to the same peak from the pure elemental standard. 
^ I^ (k) = i EJ (k) Compound specimen - | i^ (k) j pure (3.80) 
L- - J L —' element 
These sh i f t s can also be calculated theore t i ca l ly /35 ,36/ using quantum 
mechanical pr inciples and can be correlated to the experimentally measured 
va lues . The charac te r i s t i c XPS spectra of a l l common elements are 
available in a handbook / 3 7 / . 
We wil l now discuss b r ie f ly some f ina l - s t a t e effects leading to 
the or ig in of shake-up and shake-off l ines and mult iplet s p l i t t i n g in a 
photoelectron spectrum, 
( i ) Shake-up and Shake-off Lines 
Other important features observed in an XES spectrum are the 
shake-up and the shake-off l i n e s and multiplet sp l i t t i ngs / l 1,35,38/. 
The shake-up and the shake-off t r ans i t ions are caused when a part of the 
K.E. of the photoelectron i s transferred to a second electron and are 
dist inguished according to whether the second electron i s excited to a 
lC°2p3ojFe2p3/2 
Fe2s' 0(KW) -i r 
f^®67^0(8 ^14 S' 
800 
,740 
Fed MM) tCodMM) 
600 
BINDING ENERGY eV 
400 3 0 6 W 
720 700 
BINDING ENERGY eV. 
Fig. 3.17 (a) A typical XPS spectrum (b) High resolution 
XPS of Fe 2p peak showing the chemical shift 
AE|-, for Fe^ O3 formation ^ 
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higher bound s ta te (shaks-up) or to an unbound continuum s t a t e (shake-off). 
Ei ther shake-up or shake-off r ;qu i res energy and thus lowers the K.E. of 
the primary photoelectron. 'Thus, such multielectron processes lead to a 
s a t e l l i t e s t ruc ture on the low K.E. side (or the high B.E. s ide) of the 
one-electron photoelectron peak. 
( i i ) Multiplet Spl i t t ing 
i^Then unpaired electrons are localized on an atom being studied 
in ESCA, each core level spectrum from tha t atom can e^diibit multiple 
peaks due to exchange coupling of the unpaired electrons with the photo-
hole /35 539/ . The emission of an electron from a core level of an atom 
which i t s e l f has a spin (unpaired electrons in valence l eve l s ) can create 
a vacancy in two or more ways. The coupling of the new unpaired electron 
l e f t a f t e r photoemission from an s-type o rb i t a l with other unpaired 
e lec t rons in the atom can create an ion with ei ther of the two configu-
ra t ions and the two energies resu l t ing from the coupling of the t o t a l 
o r b i t a l angular momentum L and the spin S values (L=0 and S= +_ ^, in 
case of s - o r b i t a l ) . This r e su l t s i n a photoelectron l ine that i s sp l i t 
asymmetrically into two components. Similarly, s p l i t t i n g can occur due 
to the i ' ^ i z a t i o n of p - leve l , but the r e su l t i s more complex and sub t le . 
( i i i ) "he Auger Parameter 
In a photoelectron spectrum, besides sharp core level photo-
e lec t ron l i n e s , core-type Auger l ines ( t rans i t ions ending with double 
vacancies below the valence l eve l s ) usually have at least one component 
tha t i s narrow and in tense . Chemical shi f ts occur in Auger l ines as well 
as in jAiotoelectron l i n e s . This can be very useful for iden t i f ica t ion of 
chemical s t a t e s . A quantity ca l led the Auger parameter, 0^ , i s defined 
as 
o(^ = ( K . E . ) ^ - (K.E.)p = (B.E.)p - ( B . E . ) ^ (3.81) 
or the difference in the binding energies of the 'most intense ' photo-
e lec t ron and Auger l i n e s . This difference can be accurately determined 
because the s t a t i c charge correct ions cancel out / 5 7 , 4 0 / . 
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The measurement of these structure effects associated with a 
jtiotoelectron i s of considerable importance in quanti tat ive surface 
analysis work, especial ly in t r a n s i t i o n metals and paramagnetic substances 
where these ef fec ts are quite prominent. Pig.3.17 ^ows the chemical 
shift A 
E^and the associated s a t e l l i t e peak in a typical photoelectron 
spectrum for Pe 2p peaks, indicat ing the presence of PSpO, on the surface. 
3.5.1.2 Experimental Set-up. 
The XPS experiments were performed on a PHI(Model 551 ) electron 
spectrometer which had an attachment for primary X-ray source for 
Mg K. (h^ = 1253.6 eV) or Al K^ ( h ^ = 1486.6 ev) X-radiatione as 
discussed e a r l i e r in sect ion 3 '3 -2 .2 . Some specimens were analysed for 
XPS on a different e lec t ron spectrometer (supplied by VG, UK) ins ta l led 
at Poona University (courtesy Dr .(Mrs.) S.K. Kulkami, Department of 
Physics, Poona University, Pune, INDIA). 
During XPS analys is , the energy ca l ib ra t ion of the spectrometer 
was ca r r i ed out by using the Au 4f„/„ peak at 83.8 eV or the C i s peak 
at 284.S eV. The l a t t e r peak i s also used for measuring the extent of 
charging in non-conducting specimens / 1 1 , 3 5 / . 
3 .5 .2 Low Energy Valence Auger Peaks 
Valence electron energies are expected to undergo the most 
pronounced changes due t o changes in chemical bonding. The valence 
bands are involved in the Auger t r a n s i t i o n , the observed Auger peaks (AW 
or ABV t r a n s i t i o n s ) show changes not only in the peak posit ions (chemical 
s h i f t ) but also in the peak shape. Auger sh i f t s b r o u ^ t about by the 
oxidation of metals are gnerally larger than those observed in XPS. 
This chemical shif t in AES can be very useful in characterizing the che-
mical s t a t e of an element /41 -46 / . However, i t requires a lo t of caution 
to predict the oxidation s ta te solely on the basis of low energy valence 
band Auger peak s h i f t s . 
92 
3.5.3 Quanti tat ive Characterization of the Surface Oxide Layer 
Quantitative character izat ion of the surface oxide layer waa 
ca r r i ed out by obtaining a compositional depth p ro f i l e , giving the elem-
en t a l d i s t r ibu t ion with depth in the specimen, by the simultaneous use of 
AES and argon ion sput te r ing . The procedure for t h i s has already been 
mentioned in section 3 . 3 . 2 . 1 . A PDP 11/04 coaputer system interfaced with 
our ESCA/SAM spectrometer was used to calculate compositional depth profiles 
(atomic concentration versus sput ter time) based on Eqn. (3.42) using the 
r e l a t i v e s e n s i t i v i t y factors as given in the handbook / 1 6 / . XPS can also 
be used for t h i s purpose / 4 7 / . An important point to be noted in t h i s 
context i s tha t the energy of the argon ions used for sputter ing should 
not be high if sputtering-induced effects are to be minimised. 
3.5.4 Effects of Sputtering 
Some important effects of sput ter ing have already been mentioned 
in sec t ion 3 . 3 . 3 . A possible effect of sputter ing on an oxide layer can 
be i t s reduction to a lower valency oxide or oxides, thus changing the 
stoichiometry of the oxide /48-50/ . Therefore, i t becomes very important 
to a sce r t a in the effects of sputtering before predicting the oxidation 
s ta te a f t e r ion bombardment. 
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CTI/,FTEH IV 
DIFFUSION STTOIES 
4.1 INTRODUCTION 
The d i f fu s ion s t u d i e s were c a r r i e d out on meta l -me ta l lo id 
^-^^80^20 ^"^^ ^ V ^ 1 8 ^ """^^ metal-metal (Zr^^Ni^g, ^ ^ e S ^ S s ^"^^ ^61^^33^ 
g l a s s e s us ing e i t h e r of the two d i f f e r e n t exper imenta l t echniques -
Rutherford Backsca t t e r i ng Spectrometry ( R B S ) and Auger E l e c t r o n Spec t ro -
scopy ( A E S ) . These t echn iques were used for ob ta in ing the composi t ional 
depth p r o f i l e s of t h e d i f fu s ing s p e c i e s in the g l a s s y mat r ix before and 
a f t e r the d i f fu s ion annea l ing t r e a t m e n t s . The d i f f u s i n g spec ies chosen 
were Au, Sb , Pb, B i , Cu, Al , Pe , and N i . The d i f f u s i o n of Au was s tud ied 
by u s i n g both RBS and AES so t h a t the r e s u l t s obtained by these two 
t e c h n i q u e s could be compared. D e t a i l s of specimen p r e p a r a t i o n and of the 
expe r imen ta l procedure adopted have a l r e a d y been g iven i n the previous 
c h a p t e r . 
In t h i s c h a p t e r , the r e s u l t s of the va r ious d i f fus ion measure-
ments 'Undertaken i n -ftiis work a r e presented f i r s t . This i s followed by a 
d i s c u s s i o n on t he se exper imenta l d i f fu s ion da ta and t h e i r i n t e r p r e t a t i o n . 
Before p r e s e n t i n g the da ta i n a t a b u l a r form, the method of c a l c u l a t i n g D 
from the raw exper imenta l data obtained from RBS or AES exper iments w i l l 
be i l l u s t r a t e d with r e f e rence to some t y p i c a l c a s e s . The t h e o r e t i c a l 
background for da ta a n a l y s i s h a s a l r e a d y been descr ibed in d e t a i l in 
CHAPTER I I I . 
4.2 ILLUSTRATIVE CASES FOR DETERMINATION OP D 
4 .2 .1 Thick Film Case (RBS Da ta ) 
P i g . 4.1 d e p i c t s the b a c k s c a t t e r i n g spectrum obta ined from a 
' 0 
Zr,^Ni_-(Q) specimen depos i t ed with a 820A Au f i lm and subsequent ly 
d i f f u s i o n annealed a t 619K f o r 35 min. 
20 1.2 
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( 619 K, 35min ) 
Zr 
H obs 
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/•*•. Au 
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Fig 4 I Backscattering spectrum of Au film on Zr^i N139 (as-quenched) 
with 2MeV He^ ions at Ggc = 165° 
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The fo l lowing exper imenta l condit ionB were maintained dur ing data 
a c q u i s i t i o n : 
He beam energy , E = 2 MeV 
Beam s ize 
Beam c u r r e n t 
Charge c o l l e c t e d 
Chamber p ressure 
- ^ 
Z^ 
-
^ 
, 2 1 mm 
5-1Qnii 
4 ^ C 
-5 1x10 Torr 
The KeV/channel of the mul t ichanne l ana lyser was determined by r eco rd ing 
the b a c k s c a t t e r i n g spectrum from a s tandard Si sample surface implanted 
wi th low energy Bi ions shown i n Pig .4 .2 . The Bi peak was a t channel 
number 495.5 whi le the Si peak occurred a t channel number 294.5 so t h a t 
t he KeV/channel of the system, a s c a l c u l a t e d from Eqn. ( 3 . 3 3 ) , was 
3.5692 KeV. The va lues of the s topping c r o s s - s e c t i o n f a c t o r s 
Au 
m'^61^S9'U]'^6l^S9 ^^ [_^ 1AU were c a l c u l a t e d from Eqn.(3 .11 )• 
The v a l u e s of the s topninf cr- sK-sec t ions ^ i / „ >, r (E ) , c (K^ E ) , 
^ o ^— 
rf^(K, E ) ^{K E ) and C ^ ( K „ E ) f K. = 0 .9232, K = 0 .8415, 
^ ^ Au o ' fe. Zr o c - Zr 0 I Au ' Zr 
IT = 0.7540 1 were t a k e n from the t a b u l a t i o n s of Z ieg le r / I / . Using these 
v a l u e s and Bragg ' s r u l e i E q n . ( 3 . 1 3 ) \ , one obta ined: 
^ '^oM Zr^ , ! I i , „ - (0.61x95.6 + 0.39x68.2) xio"^^ = 84.91 x 10"''^ev .cmVatom 
' 61 39 
Cl^^Au^ol Zr^ .Ni ,^ =: (0 .6I x 100.02 + 0.39x70.01 ) x10~''^= 88.32 x10"''^ev .cm^/ 
' 6^  59 a^„^ 
The s t o p p i n g c r o s s - s e c t i o n factorf^j 61 39 was c a l c u l a t e d from Eqn.(3.11 ) 
Thus , 
r ^ l Zrg^Ni = 169.82 x1 0~''^eV-cmVatom 
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The atomic d e n s i t y f o r the a l l o y Zr^.Ni was c a l c u l a t e d from: 
n ~ Zr^ ,Ni ,„ - NT atoms/cm = 5.521x10 atoms/cm 
61 39 J 
'ftiere A=47.74 gm./mol i s the w e i ^ t e d average of the atomic weights of 
t h e c o n s t i t u e n t atoms, N i s Avogadro's number and J =7.2 i s t he dens i t y 
of the a l l o y in gm.cra / 2 / . The d e n s i t y v a l u e s for Pe-B g l a s s e s were 
t aken from re f e r ence / 3 / . Using the c a l c u l a t e d va lue of V£, \ 61 39 and 
N, , one could o b t a i n : 
[^ J 9y Ni ° 61 39 = 0.09375 KeV/A Au 
The v a l u e s of the o ther s topping c r o s s - s e c t i o n f a c t o r s could be obtained 
i n a s i m i l a r manner: 
7r Ni 0 
61 39 = 0.09199 KeV/A 
Zr 
S } ^ ^ = 0.13513KeV/A 
The t r ue s u b s t r a t e he igh t ( p i g . 4 . l ) , as eva lua ted from Eqn.(3 . 2 9 ) , was 
g iven by H^ = 3890 counts . 
t r u e 
An e l a b o r a t e computer programne (given in APPENDIX l ) was used 
f o r c a l c u l a t i n g the c o n c e n t r a t i o n p ro f i l e according to the method descr ibed 
i n CHAPTER I I I . The programme? run on an MD-560 computer system, r e q u i r e s 
the fo l lowing input da ta (whose numerical v a l u e s for the p resen t i l l u s t -
r a t i v e case a r e a l s o ment ioned) : 
Numerical Value 
430 
510 
496 
200 
125 
Symbol 
NCI 
NC2 
NS 
NBACK1 
IBACK2 
Parameter 
I n i t i a l Channel No . 
P ina l Channel No . 
Surface p o s i t i o n 
Background a t NC1 
Background a t NC2 
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Symbol 
FSUB 
NH 
HI 
Sffif 
S11 
CH 
STEP 
EZ 
TH1 
TH2 
CNORM 
PACT 
ferameter 
True e t i t r a t e h e i ^ t 
22 ^ 
Host atomic d e n s i t y (xlO atoms/cm ) 
Bulk i B p u r i t y dens i t y (xlO atoms/cm^) 
1^ 1 
An 
KeV/channel (KeV' 
Depth step size (A) for interpolation 
Beam energy E (KeV) 
o 
Angle of incidence from surface normal 
(deg rees ) 
Angle of emergence from surface normal 
(degrees ) 
22 3 
Normalization f a c t o r (xlO atoms/cm ) 
Factor i n Nj_(x) expres s ion (Eqn.3.22) 
Numerical Value 
3890 
5.521 
5.9 
0.09375 
0.1351 
3.5692 
2 5 . 0 
2 000.0 
0,0 
15.0 
(§^^=165°) 
5.9 
100.0 
CNORM i s a no rmal i za t ion f a c t o r such t h a t a concen t r a t i on corresponding 
t o a pure e lementa l f i l m i s g iven by 100. In o ther words , CNORM i s 0.01 
of i m p u r i t y bulk d e n s i t y . STEP def ines e q u a l l y spaced depth i n t e r v a l s . 
As the exper imenta l p o i n t s i n RBS depth p r o f i l e s are n o t , i n g e n e r a l , 
e q u a l l y spaced the programme computes i n t e r p o l a t e d c o n c e n t r a t i o n va lues 
a t r e g u l a r depth i n t e r v a l s given by STEP. 
After feeding the proper input data in the computer the compo-
s i t i o n a l depth p r o f i l e s of the d i f fus ing s p e c i e s ( impur i ty ) before and 
a f t e r annea l ing are o b t a i n e d . The programme output provides da ta for 
c o n c e n t r a t i o n and the argument of the e r r o r func t ion (x-x^ ) / - j 4 Dt a t 
e q u a l l y spaced (X-XQ) i n t e r v a l s (decided by the parameter STEP), where 
(X-XQ ) i s t he d i s t a n c e measured from the i n t e r f a c e a t Xg corresponding to 
the 0.5 c o n c e n t r a t i o n p o i n t . A par t of the t y p i c a l computer output 
p e r t a i n i n g t o Au d i f fu s ion i n Zr^^Ni a t 619K, 35 min i s g iven in TABIiE 4.1 . 
TABLE 4.1 COMPUTER OUTPUT OF A TYPICAL RBS ANALYSIS BY THICK FILM 
SOLUTION. 
PROFILE FOR RUN mfBER §02S (HAROI'85) 
DIFFUSIDil OF MJ IN ZR6WI39(a).619 K. 35 NIN 
THE INTERFACE IS AT 808.3 ANGSTROMS. 
1 
2 
3 
4 
5 
6 
7 
8 
3 
10 
11 
12 
13 
14 
15 
IS 
17 
18 
19 
20 
21 
22 
23 
24 
35 
2B 
27 
.?« 
2B 
30 
91 
n 
?^  
S4 
m 
^.9 
M7 
SS 
§§ 
4& 
[X-XZ)(ANGS) 
-1325.0 
-1300.0 
-1275.0 
-1250.0 
-1225.0 
-1200.0 
-1175.0 
-1150.0 
-1125.0 
-1100.0 
-1075.0 
-1C30.0 
-1025.0 
-1000.0 
-375.0 
-950.0 
-925.0 
-300.0 
-875.0 
-850.0 
-B25.0 
-800.0 
-775.0 
-750.0 
'725.0 
-700.0 
-675.0 
-650.0 
-625.0 
-600.0 
-575.0 
"350.0 
-52$.0 
••3(^. 0 
-475.0 
*4f0,0 
"423.J 
-4CS5.0 
-m.o 
-'}m.§ 
Y 
6.186 
6.186 
6.186 
6.186 
2.758 
6.186 
6.186 
6.186 
S.186 
2.293 
2.288 
2.149 
1.997 
1.854 
1.690 
1.496 
1.28t 
1.092 
.878 
.648 
.439 
.212 
-.046 
-.277 
-.509 
-.783 
-1.046 
-1.391 
-1.882 
-5.S9S 
-5.995 
-5.9B5 
-5.995 
-5.995 
-5.9m 
'5.995 
-5.995 
"3.9S5 
-§.§95 
-3.995 
CONC. 
-.132 
-.130 
-.081 
-.021 
.005 
-.001 
-.033 
-.053 
-.003 
.059 
.061 
.119 
.237 
.438 
.843 
1.71S 
3.447 
6.133 
10.719 
17.969 
26. 738 
38.239 
52.594 
65.214 
76.438 
85.958 
83.038 
97.544 
99.611 
100.389 
101.219 
100.964 
100.825 
101.308 
102.451 
102.398 
102.389 
10^.985 
101. SB7 
101.956 
41 
42 
43 
44 
45 
46 
47 
48 
4S 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
'325.0 
-300.0 
-275.0 
-250.0 
-225.0 
-200.0 
-175.0 
-150.0 
-125.0 
-100.0 
-75.0 
-50.0 
-25.0 
.0 
25.0 
50.0 
75.0 
100.0 
125.0 
150.0 
175.0 
200.0 
225.0 
250.0 
275.0 
300.0 
325.0 
350.0 
375.0 
400.0 
425.0 
450.0 
475.0 
500.0 
525.0 
550.0 
575.0 
600.0 
625.0 
350.0 
675.0 
700.0 
725.0 
750.0 
775.0 
800.0 
825.0 
850.0 
875.0 
300.0 
925.0 
-5.995 
—0. «<•/•) 
-1.957 
-1.618 
-1.313 
-1.071 
-.911 
-.754 
-.622 
-.487 
-.347 
-.223 
-.111 
.000 
.110 
.197 
.272 
.343 
.417 
.495 
.585 
.671 
.747 
.818 
.899 
.980 
1.049 
1.124 
1.198 
1.259 
1.316 
1.378 
1.439 
1.481 
1.523 
1.564 
1.585 
1.599 
1.614 
1.632 
1.654 
1.674 
1.680 
1.692 
1.716 
1.718 
1.719 
1.737 
1.753 
1.763 
1.781 
101.111 
100.278 
99.717 
98.893 
96.830 
93.504 
90.129 
85.671 
81.046 
75.432 
68.807 
62.359 
58.263 
50.000 
43.832 
33.001 
35.038 
31.358 
27.790 
24.191 
20.405 
17. 120 
14.525 
12.387 
10.177 
8.291 
6.896 
5.592 
4.513 
3.743 
3.132 
2.568 
2.098 
1.813 
1.565 
1.349 
1.249 
1.186 
1.123 
1.051 
.967 
.895 
.877 
.836 
.760 
.757 
.754 
.703 
.657 
.618 
.589 
32 
93 
34 
35 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
950.0 
975.0 
1000.0 
1025.0 
1050.0 
1075.0 
1100.0 
1125.0 
1150.0 
1175.0 
1200.0 
1225.0 
1250.0 
1275.0 
1300.0 
1325.0 
1.788 
1.800 
1.820 
1.829 
1.838 
1.858 
1.861 
1.863 
1.883 
1.886 
1.876 
1.835 
1.848 
1,815 
1.767 
1.736 
572 
546 
503 
485 
467 
430 
425 
421 
387 
383 
399 
417 
447 
514 
624 
703 
100 
In an iden t i ca l manner such data were obtained for a l l the specimens 
subjected to various diffusion annealing treatments as well as for the 
' tio anneal' cases . Pig.4.3 shows the normalized RBS spectrum (normalized 
to the same substrate he ight ) for the present i l l u s t r a t i v e case . The 
diffusion t a i l could be c l ea r ly seen. The concentration prof i les corre-
sponding to the cases shown in Pig.4.3 were obtained by the above 
procedure and are shown in Pig.4 .4 . 
The plot of the argument of the error function (x -x^ ) / / 4Dt 
versus the distance from the in ter face , (x-x^), could be f i t t e d with a 
s t r a igh t l ine as shown in Pig .4.5 for the typica l cases considered he re . 
The diffusion coeff ic ients were obtained from Eqn.(3.65). The slopes of 
these 'd i f fus ing t a i l s ' as shown in Fig .4.5 were found a f te r f i t t i n g the 
' b e s t ' s t ra igh t l ine t h r o u ^ the ' t a i l ' region points by the least square 
method. This operation is included in the las t part of the computer 
programme given in APPEKDIX I . It i s worth noting that the i n i t i a l part 
of the (x-x„ )/>/4Pt versus (x-x^) curve af ter diffusion annealing 
(Pig .4 .5) was indicative of an undiffused component and i t s slope was 
more or less equal to tha t obtained before annealing (also rhown in 
P ig .4 .5 ) -
It should be noted that the plot of (x-Xo)/^4Dt versus (x-x^,) 
i s equivalent to the plot of C(x , t ) versus (x-x^) on a Probabili ty graph 
paper (shown in Pig .4 .6 ) , where c ( x , t ) are the concentration points given 
in TABLE 4 . 1 . The ' r lopes ' determined from these two plots were i den t i ca l . 
This point has been discussed in CHAPTER I I I . We followed the f i r s t 
approach for slope determination during data analysis on the computer 
_2 
system ND 560. The value of G^  corresponding to the as-deposited 
(no anneal) specimen was obtained from the i n i t i a l portion of each curve, 
i . e . , from the film r ich in the diffusing impurity since t h i s portion 
was d i s t i n c t l y v i s ib l e in most of the cases . This approach has also been 
adopted by Luborsky et a l . / 4 / . However, in s i tua t ions v\4iere t h i s portion 
could not be observed due to large diffusion distances or was much 
dif ferent from that corresponding to 'no anneal' case, the value for the 
specimen without any anneal was considered. 
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There fo re , the value of D c a l c u l a t e d by Eqn . (3 .65) by using the 
r a l u e s of s lopeb from Pig.", ,5 ^--d t:=2100 sec was given by 
4 Dt= (1 .0195 - 0.3290 ) X 10~ m seo' ' 
-2'"' 2 -1 
or lb: 8 .2? X 1 0 m s 
The above procedure was used fo r c a l c u l a t i n g the d i f fus ion c o e f f i c i e n t s 
f o r Au and Sb d i f fu s ion in '^^gr^nQ' ^^a2^-\B ^^^ ^""^ei^^Q g l a s s e s . T h i s 
method was a l s o used fo r de te rmining the d i f fu s ion c o e f f i c i e n t s of R) 
in 'PeQ(^2 0 '^^'^'^ ^'^ ^^^^ ^^^ '^'^^^ ^^^ °^ "^ ^ °^^'^ ^'^ ^^^^ because a t 
o t h e r t empera tu res r e l i a b l e depth p r o f i l e s could not be ob ta ined in 
t h e s e c a s e s . This was due to g lobules format ion i n the f i l m r e g i o n , 
as revea led by scanning e l e c t r o n microscopy (SEM) i n v e s t i g a t i o n s . 
This point has a l r eady been i l l u s t r a t e d i n P i g . 3 . 4 in CHAPTER I I I . 
In TABLES4 .2 , a few important parameters which were used i n the 
c a l c u l a t i o n of compos i t iona l depth p r o f i l e s by t h i s method are mentioned. 
An i d e n t i c a l procedure of da ta a n a l y s i s was followed i n a l l EBS e x p e r i -
ments undertaken i n t h i s work. The r e s u l t s obtained are presented l a t e r 
i n t h i s chapte r in the form of TABLES. 
TABIiE 1.2(a) Values of parameters used i n c a l c u l a t i o n of depth p r o f i l e s 
by RBS. 
Parameter 
(gm cm ) 
K (x10 atoms cm ) 
^I^KeV/A) 
^ ^ , (KeV/A) 
L4(KeV/A) 
^ ^ ^ ( K e V / A ) - 0.1179 
PP B 
^^82 18 
7.48 
9.44 
0.1185 
0.1171 
0.1186 
^^80^2 0 
7.4 
9.50 
0.1175 
-
— 
^^61^S9 
7.2 
5.52 
0.0938 
0.0924 
0.0934 
Zrg^Ni^^ 
7-08 
5.34 
0.0919 
-
-
^^ 6 7^S3 
7.04 
5.27 
0.0912 
-
-
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TABIE 4 . 2 ( b ) P r o p e r t i e s of d i f f u s i n g spec ie s ( i ) . 
Dif fus ing Species ( i ) - » />u Sb R) Bi 
Proper ty 
f(gin/Gm ) 19.3 6.62 11.4 9.8 
22 3 
Ni (xlO atoms/cm ) 5.9 3 .2? 3.29 2.83 
H: '-=' 0 e V A ) 0.1391 0.0660 0.0812 0.0675 
K. 0.9232 0.8787 0.9269 0.9274 
The s u p e r s c r i p t ' h ' r e f e r s to the g l a s s under c o n s i d e r a t i o n . In case of 
Pe-B g l a s s e s , s u b s t r a t e he igh t was determined from the l ead ing edge 
cor responding t o the Pe s i g n a l . This i s i l l u s t r a t e d i n P i g . 4 . 7 -
4 .2 .2 Thin Film Case (ifflS da ta ) 
o 
The d i f f u s i o n of R) WE,, s tud ied by depos.-:ing a 10O-200A t h i c k 
f i l m onto the g l a s s y s u b s t r a t e . In view of small t h i c k n e s s of t h e f i lm , 
t h e t h i c k f i lm a n a l y s i s desc r ibed e a r l i e r could not be used i n t h i s c a s e . 
The convent iona l t h i n f i lm s o l u t i o n , which i s based on the s u b t r a c t i o n of 
t h e Gaussian broadenings before and a f t e r d i f f u s i o n annea l ing , was a l so 
no t a p p l i c a b l e as i t p e r t a i n s t o a very t h i n f i l m . In t h i s case the f i lm 
t h i c k n e s s was comparable to the d i f f u s i o n d i s t ance and i t was f e l t t h a t a 
numer ica l s o l u t i o n of the d i f f u s i o n equat ion would be the most appropr i a t e 
method of de te rmin ing the d i f f u s i o n c o e f f i c i e n t s . 
This method i s i l l u s t r a t e d for t h e d i f fus ion of Pb i n Pe_„B.^ a t 
6OIK for 282 min. a s shown i n P i g . 4 . 8 . The data a n a l y s i s i n t h i s case 
was c a r r i e d out in two s t a g e s : i ) the compos i t iona l depth p r o f i l e was 
obta ined f i r s t by the method descr ibed i n s e c t i o n 4 .2 .1 and i i ) t h i s 
exper imenta l p r o f i l e was then f i t t e d with a computer genera ted p ro f i l e 
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obta ined a f t e r numer i ca l l y so lv ing the d i f fu s ion equa t ion by the f i n i t e 
d i f f e r e n c e method (explained i n s e c t i o n 3.4.2 of CHAPTEP I I I ) . The 
second pa r t of the c a l c u l a t i o n by the computer r equ i r ed the fo l lowing 
inpu t da ta for f i t t i n g the ' b e s t ' curve to the exper imenta l d i f f u s i o n 
p r o f i l e obta ined i n s t ep ( i ) : 
Symbol Explana t ion Value (Present 
c a s e ) 
N 
ND 
NLAST 
NFTI 
NFr2 
NS 
ZPLM 
EPS 
PWHM 
CINT 
TMAX 
Number of po in t s 
Number of D v a l u e s t o be t r i e d fo r f i t t i n g 
Number of l a y e r s 
Poin ts between which jiC ^^ c a l c u l a t e d 
Surface pos i t i on 
o 
Film th i cknes s i n A 
o 
Depth s t e p ( A ) 
Depth r e s o l u t i o n i n u n i t s of EPS 
48 
5 
250 
45 
7 
215.2 
25 
7 
Of) X 
I n i t i a l c o n c e n t r a t i o n of the f i l m (10 atoms/cm ) 329.1 
Anneal time i n seconds 16920 
Af te r r epea t ed t r i a l s the bes t f i t value of D was found so a s to give a 
2 
minimum value of % . In some cases minor adjustments i n the exper imenta l 
v a l u e s of NS-(+2 c h a n n e l s ) and WR^ (+;50A) produced a cons ide rab ly 
improved f i t . These adjustments e s s e n t i a l l y r e f l e c t e d d r i f t s i n the 
e l e c t r o n i c d e t e c t i o n system during the exper iment . In the i l l u s t r a t i v e 
case under d i s c u s s i o n the bes t f i t computer genera ted p r o f i l e c o r r e s -
-2 0 2 - 1 ponded to D= 1 .73x10 m s . This method of a n a l y s i s was used f o r 
s t udy ing Pb d i f fu s ion and a l s o Sb and Au d i f fus ion i n a few cases where 
t h e t h i c k - f i l m s o l u t i o n was not a p p r o p r i a t e due t o smal l t h i cknes se s 
(rv/i00-300A) of the depos i t ed f i l m s . 
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4 . 2 . 3 Thick Film Case (AES d a t a ) 
As an i l l u s t r a t i v e exf .pie, P i g . 4 . 9 show, the plot of peak - to -
peak h e i g h t v e r s u s s p u t t e r i n g time in the context of t h e d i f fu s ion of Pe 
i n Zr ,^Ni_^(d) a t 548K a f t e r annea l ing for 300 min. The concen t r a t i on 
p r o f i l e was obtained by normalizing t h e PIH va lues by the i n i t i a l p l a t eau 
va lue corresponding t o the pure Pe-f i lm r e g i o n . The fo l lowing input 
in format ion was r equ i r ed for c o n c e n t r a t i o n p r o f i l e de t e rmina t ion by the 
computer accord ing to the p e r t i n e n t programme given i n APBSJiDIX I . 
Symbol Date Value i n the 
present case 
PPH(I) 
TIME(I) 
DEIfflME 
SPRATE 
STEP 
PPHMX 
No. of po in t s 19 
Peak t o peak he igh t Var iab le 
(coun ts / sec . ) 
Spu t t e r - t ime (min.) Var iab le 
I n t e r v a l between time poin ts 0.833 
(min.) 
o 
S p u t t e r i u g r a t e (A/min.) 84.551 
o 
s t e p Size ( A ) 50 
Peak to peak he igh t in pure 
f i lm reg ion used for no rmal i -
z a t i o n . 
The s p u t t e r i i g r a t e was determined by the t ime taken t o s p u t t e r 
a known t h i c k n e s s of the f i lm corresponding to the 5C5^  c o n c e n t r a t i o n p o i n t . 
The computat ion procedure was i d e n t i c a l t o t h a t d i scussed i n the context 
of the RBS c a s e . The va lue of B was c a l c u l a t e d by E q n . ( 3 . 6 5 ) , us ing the 
v a l u e s of s lopes of s t r a i g h t l i n e s in the (x-x^ ) / J 4Dt vs . (x-Xo) p l^ t 
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given in Fig .4.10. In the case under discussion, 
4 Dt= (2.8775 - 0.47178) x 10^ or D= 3.34 x lo"^ "^  m^s"^ 
We a l so ccmpared t h i s method of c o n c e n t r a t i o n de te rmina t ion by the norma-
l i z a t i o n of P"FH s i g n a l s wi th the other method descr ibed i n s e c t i o n 3 . 3 . 2 . 1 . 
In t h i s second method, the concen t r a t i on was determined by Eqn. (3 .42b) 
which makes use of the c a l c u l a t e d Auger s e n s i t i v i t y f a c t o r s g iven i n 
r e f . / 5 / . For a primary e l e c t r o n beam energy of 3KeV, these f a c t o r s a r e : 
S^ = 0 . 2 1 , S^ ^ 0 .22, S,, = 0 .27 . Fe ' Zr ' Ni 
The va lue of D as c a l c u l a t e d by E q n . ( 3 . 6 5 ) , us ing the s lope of the d i f fus ing 
' -2 0 2 -1 
t a i l of p lo t b i n F i g . 4 . 1 0 , was found t o be equal to 3-06 x 10 m s 
-2 0 2 - 1 
which was i n good agreement with tha t obtained above ( v i z . 3-34 x 10 m s 
us ing t h e normal i za t ion p rocedure . As shown in F i g . 4 . 1 1 , t h e c o n c e n t r a t i o n 
p r o f i l e s obta ined by t he se two methods were i n exce l l en t agreement . The 
v a l u e s of D obta ined by t h e s e two methods are given i n TABIE 4 . 3 ( a ) and 
show r e a s o n a b l y good agreement . I t could be mentioned in t h i s context 
TABIE 4 . 3 ( a ) D va lue for Pe d i f fu s ion in Zr ,^Ni_^(o) as obta ined by AES 
op 3? 
using different procedures for concentration calculation. 
Temperature D(m s ) 
(K) -
Cone. using normal- Cone . us ing s e n s i t i -
i z a t i o n method v i t y f a c t o r approach 
-2 0 -21 
523 U08 X W 9.96 X 10 
-2 0 -2 0 
548 3.34 X 10 3.06 X 10 
-19 -19 
573 2 .37 X 10 ^ 2 .19 X 10 . 
t h a t the c a l c u l a t i o n of D invo lves the s u b t r a c t i o n of the inverse squares 
of the s l o p e s cor responding to the unannealed and the annealed specimens 
and , t h e r e f o r e , t he value of D i s not changed s i g n i f i c a n t l y by fol lowing 
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either of these two approach/for concentration determination in AES. 
This was verified in a few case;- involving both meoal-metal and metal-
metalloid glasses. The data presented later in the chapter were obtained 
by the normalization procedure. This procedure is further illustrated 
in relation to the diffusion of Cu in Pe„„B.o (621K, 53min.) in Pigs. 4.12 
and 4.13 showing the /JES depth profiles and the corresponding (x-x^)/^ ADt 
versus (X-XQ) plot. 
AES was also used to monitor the oxygen level at the iaterface . 
This is illustrated in Pig .4.14. Samples showing an oxygen level of more 
than 30 % of the diffusing impurity level in the pure film region were 
not considered for evaluation of the diffusion coefficient. However, in 
most of the cases the oxygen level at the interface was less than 15/^  of 
the diffusing impurity level in the pure film region. The Auger peaks of 
the various diffusing species wtoich were selected for depth profiling are 
indicated in T/3IE 4.3(b). 
TABLE 4.3(b) Auger peaks of diffusing species used for depth profiling. 
Element Auger Transition Energy Sputtering rate 
(eV) Ck/nxn.) 
Au I'Sm 69 115.0 
Cu '^^' 920 135.0 
Ni LM.I 848 32.68 
Pe LM 703 84.55 
Al KLL 1396 115.0 
The ion gun wa» a l i g n e d for ob ta in ing depth p r o f i l e s fo r each of 
the d i f f u s i n g spec i e s and the focuss ing c o n d i t i o n s va r i ed from one d i f f u -
s ing spec i e s t o the o t h e r . The ion beam c u r r e n t s were a lso d i f f e r e n t in 
each case because of d i f f e r e n t focuss ing c o n d i t i o n s . S p u t t e r i n g was 
n~ T 1 1 I — 
Cu in f^eopBiQ (As-quenched) 
( No Anneal) 
a. 
0 0 4 2 8 4 126 
SPUTTER TIME (MIN) 
6 8 210 
9 12 15 18 
SPUTTER TIME (MIN 
Fig 4 12 Auger depth profiles for diffusion of Cu in Fe B „ (os-quenched) for 
indicated anneol conditions Sputtering Ar* ion energy • i KeV 
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carr ied out by using 1KV \r ions with a r a s t e r size in the range 0-5 mm. 
However, the ion beam conditions were kept the s^.a.e while studying any 
par t icular diffusing species . 
4 .2 .4 Grain Boundary Diffusion 
The (X-XQ )/-7 4Dt versus (x-x^ ) plots for Au diffusion in pre-
c r y s t a l l i z e d specimens of PeQ„B „, Pe„^pj^ and Zr,.Ni showed long 
diffusion t a i l s in the low concentration region. This was indicative of 
the possible occurrence of gra^tiboundary diffusion. An example is 
shown in Fig .4.15 v*aich corresponds to the Pe^^B g l a s s , diffusion 
annealed at 628K for 113min. The grain boundary diffusion coeff icients 
were ca lcula ted from Eqn.(3.74) and the value of ( ^ l n C / ^ y 6 / 5 ) was taken 
from the slope of the InC versus y 6/5 p lo t s , as i l l u s t r a t e d in Fig.4.16. 
The value of D representat ive of diffusion through 1he grains was obtained 
by the method explained in section 4 . 2 , 1 , from the slopes in Pig.4.15» 
S o , the grainboundary width, to be IQA, the graii boundary 
diffusion coefficient was found by using Sqn. (3•74) to be: 
DS = 0.66 x (1.0668 x lO-^T^^^j 4 x 3.'B x 1Q~^'^^ x 10"^° 
V 113x 60 
or 
/ _19 2 -1 -21 
D = 8.58 X 10 m s where D= 3.78 x 10 was pre-determined 
by using E q n . ( 3 . ^ 0 and the values of slopes from Fig .4 .15 • 
In subsequent sections the diffusion parameters calculated by 
the aforementioned proceduresare presented in various TABLES. 
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4 .3 BIPPUSION IN METAI>-METALIDID GLASSES 
The d i f fus ion of Au, Sb, Pb, Cu, Al and Bi was s tud ied in two 
d i f f e r e n t b i n a r y m e t a l l i c g l a s s e s PeopB. and PeQ_Bp i n the temperature 
range 523-643K. The a l l o y specimens were taken i n th ree d i f f e r e n t 
s t r u c t u r a l s t a t e s , namely, t h e as-quenched ( Q ) g l a s s , the r e l axed g l a s s ( R ) 
and the p r e - c r y s t a l l i z e d m a t e r i a l ( c ) . The r e l a x a t i o n and c r y s t a l l i z a t i o n 
t r e a t m e n t s have been mentioned in T/BIiE 3 . I * The r e s u l t s of these d i f fus ion 
s t u d i e s a r e presented below in TABIES 4.4 t o 4 .17• 
4 .3 .1 Di f fus ion in 'P^Q^S'^a 
( i ) Au Di f fus ion 
The d i f fu s ion of Au in FeooB^Q was s tud ied by using both 
techniques-KBS and AES - i n the temperature range 575-645K. The p l o t s of 
the argument of the e r r o r funct ion (X-XQ ) A / 4 D t ve r sus (x-x^), the d i s t ance 
from the i n t e r f a c e a t XQ (see Eqn. 3.59 ) , repreEent ing Au d i f fu s ion i n 
PeopB.Q a t d i f f e r e n t anneal t empera tu res a re shown i n P i g s . 4 .17 to 4 . 1 9 . 
The Whipple p lo t s of InC aga ins t (X-XQ ) i n d i c a t i n g the g r a i n boundary 
d i f f u s i o n i n c r y s t a l l i z e d (PeQoB.„(c)) specimens a re given in P i g . 4 - 2 0 . 
The c a l c u l a t e d D v a l u e s (using Eqns . 3.65 and 3.74) a re mentioned i n 
TABLE 4 . 4 . The v a l u e s of the a c t i v a t i o n energy Q and the frequency 
f a c t o r Do were found from the j j?rhenius p l o t s of D v e r s u s l/T as shown 
i n Pig .4 .21 . 
Some important po in t s pe r t a in ing t o these r e s u l t s were : 
( i ) The D v a l u e s obtained by EBS and AES were i n reasonably good agreement 
w i th in a f a c t o r of two ( r e f e r to d i s c u s s i o n of e r r o r s in s e c t i o n 4 .5 .1) 
( i i ) The r e l a x a t i o n t rea tment did not appear t o have any s i g n i f i c a n t e f fec t 
on d i f f u s i v i t y , and 
( i i i ) Dif fus ion i n c r y s t a l l i z e d specimens could be analysed i n terms of a 
volume d i f f u s i o n component and a g r a i n boundary d i f fu s ion component, 
r ep re sen t ed by two d i s t i n c t l i n e s in t h e corresponding e r r o r funct ion 
p lo t of (x-Xo ) / v 4Dt v s . (X-XQ) a s shown in P i g . 4.19 
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TABJM 4.4 Results of An diffusion in Pe^-B.^ 
D (m^s"' ') jinneal / j ineal 
Temp. time _ C (as-quenched) R C ( c r y s t a l l i z e d ) 
( K ) R B S iffiS ( r e l axed) D D 
(Volume) (grair-
boundary) 
628 
615 
600 
5 75 
113 
310 
313 
915 
-2 0 -20 
1.32x10 2.94x10 
9.14x10"^' ' 1 .05x10"^° 
-21 4 .5 7x10 
-21 -21 
2.87x10 7.32x10 
-22 -21 
8.36x10 1.16x10 
1 .62x10 -2 0 
8.86x10 -21 
4.76x10 
-21 
3.29x10 -21 
8.76x10 -22 
-21 -19 
3.78x10 8.58x10 
-21 -19 
1 .85x10 2.16x10 
-21 -19 
1.78x10 1.61x10 
Q (eV/atom) 1.28+0.07 1.34+0.26 
+AQ 
1 .31+0.07 0.99+0.36 
Do (m^s"' ') 1.54x10 "'^ 8 .88x10" ' ' ° 2 .90x10" ' ' ° 5.79x10 •11 
+ 6 D O +2.17x10 ' ' ° +4.44x10"^ +3.76x10~^° +4.03x10 
.-10 
( i i ) Sb Dif fus ion 
Sb d i f fu s ion in Peo^B.„ was s tudied by using RBS in the temperature 
range 575-640 K and the c a l c u l a t e d D va lues are given in TJ^BIE 4 . 5 . 
The (X-XQ )/-J4Dt v s . (X-XQ ) p l o t s for Sb d i f f u s i o n in Peo„B.„ a re shovm in 
P i g . 4 .22 . The value of D in c r y s t a l l i z e d specimens was found by nomerical ly 
so lv ing the d i f fu s ion e q u a t i o n . 
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Fig 420 Whipple plots of InC vs ( X-X, or Au diffusion in crystallized F«Q2 8|Q 
to Fig. 4.19. 
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TmLE 4 .5 Resu l t s of Sb d i f f u s i o n i n le^^B^^ 
Temperature Annealing D(ni s ) 
t ime 
( K ) (min . ) Q' R C 
640 105 9.85x10*"'^ 5.56x1 o '^^ 
628 113 1.39x10"''^ 1.2Qx10~^^ 8.75x10" 
600 313 4.70x10"^° 5.75x10"^° 9.40x10" 
575 55 0 6.99x10"^'' - 6.63x10" 
^±A (eV/atom) 2.18+0.38 1.68+0.79 1.52+0.63 
•J 
sec 0.16x10' 
-2 
+6.71x10 - 1 
e .MxIO 
+9.57x10 -5 
1 .01x10 
+1 .22x10 -6 
* Values ob ta ined by t h e t h i n f i lm method by njimerically so lv ing the 
d i f f u s i o n e q u a t i o n . 
This i s i l l u s t r a t e d in P i g . 4 . 2 3 - The a c t i v a t i o n energy Q and the frequency 
f a c t o r Do were found from the A r ^ e n i u s p.Tot of D v s . I/T as shown in 
Pig .4 . 2 4 . 
These r e s u l t s i nd i ca t ed t h a t t h e D va lues were not s i g n i f i c a n t l y 
d i f f e r e n t i n the pre-annea led specimens ( R ) as compered to those in the 
as-quenched (O' ) specimens . The t a i l r e g i o n i n Pig .4 .23 r ep re sen t ing the 
d i f f u s i o n of Sb in Peo^B.^ fc) a t 628K, 113 min was not considered while 
f i t t i n g the d i f fus ion p r o f i l e and pos s ib ly r ep resen ted a g r a i n boundary 
d i f f u s i o n component. 
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FIG. 4 ^ Temperature dependence of diffusivity of 
Sb and Pb in Fe^j B,g (RBS meosurement*) 
I l l 
( i i i ) Pb Diffusion 
The i n i t i a l measurements on the diffusion of R) in the Feo3p„ 
g lass indicated the formation of globules in the film surface as a resu l t 
of the diffusion annealing treatment (see sect ion 4.3'2 ( i i ) on Pb diffusion 
in PegQB2Q). Hence the diffusion of Pb in PeopB, was studied by using RBS 
as a depth profi l ing technique. Pig .4.25 shows the experimental and the 
f i t t e d diffusion profi les for Pb diffusion in PeopB.Q, obtained by numerical 
solut ion of the diffusion equation. The plot of I) v s . I/T i s shown in 
P ig . 4.24. 
TABIE 4.6 Results of Pb diffusion in PeggB.g 
r(m^ s '^) 
Temperature Annealing t ine 
(K) (min.) I t 
601 282 1.73 X 10 ^^ 
621 164 1 .92 X 10"^° 
636 133 4.09 x 10"^° 
Q + ^Q(eV/atom) 0.77+0.43 
Do + A ^ o C m / s e c ) 4.23 x 10-^4+ 3.42 x 1 O"^  ^ 
In view of the problem of globules formation encountered in samples coated 
with a r e l a t i v e l y thick Pb layer , a l l Pb coated samples were examined in 
SEM to ensure the absence of globules (see Pig. 4 .26) . The above data 
represent the true d i f fus iv i ty values of Pb in the Pec,pB.„ g l a s s . SEM 
invest igat ions are thus important while dealing with films of low melting 
diffusing species such as Pb , Bi and Sb . 
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160 
fO 
'6 
C V J _ 
^120 
z g 
a: 
z 
UJ 
o o 
40 
0 
Pb in Metglass FeopBiolQ) 
(62IK, I64min) 
-20 2 -I 
D= 1.92 XIO m'^s' 
0 400 
DEPTH 
Fig. 4.25 RBS study of Pb diffusion in 
800 
• A - * . 
1200 
FeQ2B iQ (as-quenched) 
at 621K, 164mm. The continuous curve denotes numetiically 
-20 2 -I generated diffu'^ 'on profile with D = 1.92 X 10 m s 
^ 
Pig . 4.26 SEM micrograilis of a ->-' 200A Pb film on Fegg^^g metal l ic 
g lass (as-quenched): (a) No anneal; (b) annealed at 636K, 133 min. 
No globules are formed on Ihe film surface after annealing. 
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( iv) Cu Diffusion 
The technique of /ES v.-ag used to study the diffusion of Cu in 
PegpB^g in the temperature range 575-638 K. The error function plots for 
Cu diffusion in PegpB are given in P igs . 4.2? and 4.28 and the calculated 
D values are given in T/iBLE 4 .7 . 
TABIE 4.7 Results of Cu diffusion in Pe„oB.Q 
82 18 
2 —1 Temperature Annealing time D(m s~ ) 
(K) (min.) Q' R 
-19 -19 -20 
638 60 2.19 X 10 ^ 3.05 x 10 ^  5.95 x 10 
621 158 1 .28 X 10"''^  - 6.51 x 10~ ° 
599 430 4 . 0 x 1 0 " ^ ° 3 . 8 7 x 1 0 ~ ^ ° 
5 75 92 0 1.15 X 10"^° 
Q + A Q ( e V / a t o m ) 1.51 + 0.07 
Do +A^o(m^ 8~^) 2.03 X 10"'^ 
+2.82 X 10"''' 
The D v s . 1/T plot i s shown in Pig .4 .29. Some important features of these 
r e s u l t s were: 
( i ) Cu diffusion i s r e l a t i ve ly fast in th i s glass compared with Au diffusion;, 
( i i ) The effect of re laxa t ion on d i f fus iv i ty i s not s igni f icant ; and 
( i i i ) D i n crys ta l l ized specimens i s smaller than that in the amorjiious 
case . 
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( v ) Al Di f fus ion 
The d i f f u s i o n of Al i n PeopB. in t h e temperature range 575-640K 
was s tud ied us ing AES fo r depth p r o f i l i n g . The e r r o r func t ion p l o t s of 
(X-XQ )/^4Dt v s . (X-XQ ) a re shown in P i g s . 4.30 t o 4.32 
TABIiE 4.8 R e s u l t s of Al d i f f u s i o n i n FeggB.Q 
D(m s ) 
Temperature Annealing time - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
( K ) (min.) Q' fi C 
640 120 2.67x10"^^ 1.60x10*''^ 6.76x10~^° 
621 158 7-89x10"^° 8.75x10"^° 4-74x10~^° 
-20 -20 -20 
599 430 3.40x10 3.79x10 2.19x10 
575 920 7.17x10"^^ 6.82x1 o'^^ 4.65x1 o"^'' 
Q +AQ(eV/atom) 1.71+0.12 1.53+0.18 1,33+0.18 
Do i^^DoCm^sec) 6.94x10"^ 1.99x10"''' 2.84x10""^ 
+ 1.53x10"^ +6.86x10"'^ +8.55x10~^ 
and t h e c a l c u l a t e d D v a l u e s a re mentioned in TABIE 4 . 8 . The a c t i v a t i o n 
e n e r g i e s 0 and the f requency f a c t o r s DQ were found from Arrhenius p l o t s 
of D vs . 1/T ( P i g . 4 . 2 9 ) . Some important observa t ions »-ere: 
( i ) Re l axa t i on does not cause s i g n i f i c a n t changes i n D; and 
( i i ) Di f fus ion i s s lcwer in c r y s t a l l i z e d specimens than in amorphous 
s pec imens -
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4.3.2 Diffusion in Fe„„Bo„ 
oQ c. {) 
Diffusion in the ^eg„B„ glass was studied only for two diffusing 
spec ies , namely, Au and Pb, Au diffusion measurements were carried out by 
using both RBS and jffiS techniques. 
( i ) Au Diffusion 
Au diffusion in Fe^ Bp was studied in the temperature range 
546-643K using RBS and AES both . The plots of {X-XQ)/J^ V S . (X-X^ ) 
representing Au diffusion in PeQ^B^^ a t various temperatures are shown 
in P igs . 4-53 to 4 .55 . The Whipple plots of 1«C! v s . (x-x^) ' representing 
the grajnboundary diffusion of Au in crys ta l l ized Pe-,.B„- specimens are 
shown in Pig .4 .36 . The calculated D values are mentioned in TABIE 4*9 
and the Arrhenius plots of • , D v s . '/f- are given in Pig .4 .37 . 
Some important features of these r e su l t s were: 
( i ) D values determined by RBS and AES showed reasonably f a i r agreement; 
( i i ) The effect of the re laxat ion treatment on D appeared to be ins igni -
f icant ; and 
( i i i ) Diffusion in c rys ta l l i zed specimens showed two diffusion components-
one re la t ing to the volume diffusion and the other to the gra in 
boundary di f fus ion. 
TABIE 4.9 Results of Au diffusion in Pe^^Bo^ 
80 20 
Temp. Anneal time D(m s" ) 
(K) (mm.) Q»<aB-quenched") _ E C(crystal l ized)_ _ 
RBS AES (relaxed) D D' 
(volume ) (^ '^ ' J _ 
643 12 1.06x10"''^ - 1.05x10'"'^ 8.34x10"^° 1.08x10'^'^ 
620 70 2.12x10"^° - 3.07x10"^° 
599 285 9.47x10"^'' 1 .18xlo"^° 9.12x10'^"' 4.2x10"^^ 4.35x10"''^ 
576 480 4.f;ix10"^^ 7.25x10"^'' 3.86x10"^^ 2.06x10 ^ 1.51x10' 
-22 -22 -22 -22 -2 0 
546 _ 3000 5.31x10^ 2*1^^''0 5_.96x20_ _ 3.82x10 _ _3_.64x10_ _ 
Q+^Q(eV/atom) 1,55i0.l3 1 .49+.0.38 1.58+0.07 1.63+0.24 1 .76+.0.22 
DolAl^o (^^/sec) 1,28x10'"^ 4.74x10'^ 2.20x10~'^ 3.81x10""^ 5.32x10*'^ 
+3.30x10"''' +3.60x10"'^ +2 .92x10"'^ +1 .80x10" ^2.34x10" 
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( i i ) Pb, Bi d i f f u s i o n in Pe„^B„^ 
The i n i t i a l measurements of d i f fu s ion of Pb and Bi i n Pe„„B 
were c a r r i e d out wi th a'^ •^'XOA t h i c k f i lms of R) and Bi on t h e g l a s s y 
s u b s t r a t e . The RBS depth p ro f i l e in a l l cases except a t 546K and 575K 
i n d i c a t e d a ve ry h igh d i f f u s i v i t y fo r Pb ( i l l u s t r a t e d in P i g . 4 . 3 8 ) . The 
specimens were then examined in SEM for surface topography and as shown 
i n P i g . 4 .39 , i t was found t h a t smal l g lobules had formed in the f i lm 
r e g i o n as a r e s u l t of the d i f fu s ion annea l ing t r e a t m e n t . I t was t h e n 
dec ided to s tudy the d i f f u s i o n of Pb in Pe„^B„^ and Pe__B^_ by using 
t h i n n e r f i lms ('V100-200A t h i c k n e s s ) as was done by Akhtar e t a l / 6 / . 
The problem of g lobule format ion was not encountered in the t h i n f i lm case 
( r e f e r t o P i g . 4.26 for Pb in PeQ„B,„). The d i f f u s i o n of Pb was s tud ied 
546-582K ^^ 18 
in the t empera ture r ange /us ing BBS as ptrofi l ing t e c h n i q u e . The t h i c k f i lm 
s o l u t i o n was cons idered for d i f f u s i o n a t 546K and 575K 
whi le the D va lues a t the o ther tempera tures were obtained by numer ica l ly 
s o l v i n g the d i f f u s i o n e q u a t i o n . 
TABLE 4-10 R e s u l t s of Pb, Bi d i f f u s i o n in Fe^^B^ 
Temperature /mneal ing time D(m s ) 
( K ) (moji.) Q' R 
-20 575 1 .59x10 
-20 582 2.12x10 
546 3000 1.08x10"^^ using t h i c k 
f i l m s o l n . 
575 180 2.91 X 10"^° 
Q + A Q (eV/atom) 2.49+0.47 
Do±Al5o (m^s~^ ) 1.15x10^ +1 iOg x l o ' 
D f o r Bi d i f f u s i o n 
a t T=575K , and t = 1 8 0 m i n 1;9Qx10~^'^ 
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P i g . 4.39 SEM micrograSi shewing globules fcannation on a'^2300A. 
Pb film on 5teo-,B^_ (as-quenched) annealed a t 623K, 50 min. (see 
Fig . 4.38 a l s o ) . 
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P i g . 4 .40 g ives t y p i c a l p lo t s of (X-XQ )/j4Dt v s . (x-x^ ) whi le exper imenta l 
and f i t t e d d i f f u s i o n p r o f i l e s a re shown i n F i g . 4 . 4 1 . The plot of D v s . l / T 
i s g iven i n Pig . 4 . 37 - The d i f fu s ion of Bi could be s tud ied only a t one 
t empera tu re ( 575 K ) because of g lobu les formation i n t h e f i lm r eg ion 
a f t e r annea l ing ( P i g . 4 . 3 9 ) i n o ther specimens 
4.4 DIPPUSION IN METAI^ METAL GLASSES 
The d i f fu s ion of Au, Sb, Pb, Cu, A l , Pe and Ni i n a meta l -meta l 
Zrg.Ni g l a s s was s tud ied by using RBS and AES in the tempera ture range 
550-620K. The t h i c k f i lm method was fol lowed i n a l l cases o ther than Pb. 
In t h e case of l b , the d i f f u s i o n p r o f i l e s were f i t t e d wi th c a l c u l a t e d 
p r o f i l e s a f t e r so lv ing the d i f fu s ion equa t ion numer i ca l l y . Gold d i f fus ion 
was • t u d i e d in t h r e e compos i t i ona l l y d i f f e r e n t me t a l l i c g l a s s e s , namely, 
Zr^_^Ni^ (x:. 31,33 and 39 a t %). 
4.4 .1 Di f fus ion in Zr^^Ni^g 
( i ) Au Diffus ion 
The d i f fu s ion of Au i n Zrg.Ni-.Q was examined by us ing RBS and 
AES in t h e temperature range 550-619K. The p lo t s of (X-XQ ) / /4Dt ys . (x-Xo) 
a r e shown in P i g s - 4-42 to 4 . 4 4 . The Whipple p lo t s of InC v s . (X-XQ ) ^ 
showing g r a i n boundary d i f f u s i o n are given in F ig .4 . 4 5 . The c a l c u l a t e d 
D va lues are given in TABLE 4.11 . The va lues of Q and D^ were obtained 
from Arrhenius p l o t s of D v s . I/T as shown in P i g . 4 . 4 6 . 
Some of the noteworthy obse rva t ions were: 
( i ) t he va lues obta ined by RBS and by AES showed good agreement; 
( i i ) p re -annea l ing of the g l a s s ( r e l a x a t i o n t r e a t m e n t ) did not appear 
t o cause s i g n i f i c a n t ehanges i n D v a l u e s ; and 
( i i i ) t h e observed g r a i n boundary d i f f u s i o n c o e f f i c i e n t s in the c r y s t a -
l l i z e d spe«imens were h i ^ e r by a t l e a e t two o rde r s of magnitude than 
the bulk d i f f u s i v i t y • © e f f i c i e n t s . 
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TABIE 4.11 Resu l t s of Au d i f f u s i o n in Er, ,Efi ,„ 
D1 39 
2 —1 Temp. Anneal D(m s~ ) 
( K ) (min . ) Q' E C 
(as-quenched) ( r e l a x e d ) ( c r y s t a l l i z e d ) 
(1)^ 
RBS MS D D' 
(Volume ) (g -b ) 
619 35 8 .22x10"^° 1.22x10"' '^ 9.80x10~^° 4 .69x l0~^ ° 5.06x10"^® 
-2 0 -20 -20 -21 -19 
601 127 1.49x10 1.92x10 1.01x10 8.20x10 5.24x10 
575 355 5.11x10"^^ 8.65x10""^^ 3.56x10~^^ 4.27xl0~^^ 2.58x10" ' '^ 
-21 -21 -21 -20 
550 780 1.43x10 - 1.38x10 1.08x10 7.46x10 
Q+AQ(eVa' to in) 1.63+0.23 1.54+0.25 1.68+0.41 1.48+0.27 1.63+0.39 
O i ^ V ^ fi t\ 
D O + A D O ( P e~ ) 1.16x10~ 1.11x10" 2 .64x10~ 3.26x10~ 5.09x10 
+ 5.33x10"^ +5-32x10"^ +2.14x10~^ +1 .72x10"'^ +3-96x10"'^ 
* ( l ) deno tes the lo t number. 
( i i ) Sb Di f fus ion 
The d i f fu s ion of Sb in Zr^^Ni in the temperature range 
575-619K wBF i n v e s t i g a t e d by RBS. The e r r o r f unc t i on p lo t s of (x-x^ )/y4Dt 
v s . (x-Xo ) are given in P i g s . 4 .47 and 4 - 4 8 . The c a l c u l a t e d D values are 
mentioned in T ABIE 4 . 1 2 . The a c t i v a t i o n energy, Q, and the frequency 
f a c t o r , Dg, were found from t h e D v s . I/T p lo t shown in P i g . 4 . 4 6 . We 
could get measurements of D on ly at t h r e e t empera tu res in the as-quenched 
c a s e . There fore , t h e u n c e r t a i n t i e s in Q and DQ were q u i t e l a r g e . 
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Fig 443 Plots of (X-Xo) / /4Dt vs (X -XJ for Au diffusion in Zrg, Ni^g 
( as-quenched ) OS studied by AES 
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TABI<E 4.12 Results of Sb diffusion in Zr^.Ni^^ 
o1 ;5y 
D(m^s-^) Temperature /innealing 
time 
_ _(K_) (p - f •_ ) 9 ' E < ^ _ _ . 
619 35 3.68x10"^° - 7 . C K 1 0 " ^ ° 
611 105 - - 4.79x10"^^ 
601 127 3.87x10"^' ' 8.38x10~^'' 2 .61x10"^^ 
575 355 1.70x10"^'' 2 .49x10"^ ' ' 1.42x10"^^ 
Q+AQ(eV/atom) 2.04+0.83 
D O + A D Q U /sec ) 9.67x10" 
+ 1 .56x10"^ 
These resu l t s suggested tha t : 
( i ) the D values in relaxed specimens were s l i g h t l y on the h i ^ e r side 
as GomjHred to those in as-quenched specimens; and 
( i i ) the values of D corresponding to the as-quenched and the crys ta l l ized 
specimens were not much d i f fe ren t . 
( i i i ) Pb Diffusion 
599-626K 
R) diffusion measurements in the temperature range/were carried 
out in Zrg.M^ using RBS. The D values were obtained by f i t t i n g the 
experimental diffusion profiles with computer generated profiles as 
i l l u s t r a t e d in Fig . 1-.49 • The calculated D values are mentioned in 
TABLE 4.13 and the plot of D v s . 1/T i s shovm in P ig . 4 .46. 
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TABLE 4 .13 Resu l t s of Pb d i f fu s ion i n Z r ^ , M , „ 
b1 39 
2 —1 Temperature Annealing time D(m s~ ) 
( K ) (min . ) Q' R 
599 162 6.37x10 - 2 0 
.-20 608 118 5.14x10 
626 500 2.14x10"^^ 
0+^0(eV/a tom) 1 .60 + 0.84 
A 0 
Do+ADO (m / s e c ) 1 .49^1 o"^+2 .38x1 O"^ 
F a i r l y l a rge u n c e r t a i n t i e s were a s soc i a t ed wi th the va lues of Q and Dg 
due t o ooiall number of da t a p o i n t s . The specimen' were examined fo r 
g l o b u l e s fo rmat ion in an SEM a f t e r d i f fus ion anneal ing t r e a t m e n t s . No 
g l o b u l e s were found on those specimens which were taken up f o r d i f f u s i v i t y 
measurements . 
( i v ) Cu Di f fus ion 
Di f fus ion of Cu i n Z r , . N i , - in the temperature range 551-621K 
was s t u d i e d by using AES. The D va lues as mentioned i n TABLE 4.14 were 
c a l c u l a t e d from the s lopes of the d i f fus ing t a i l s i n the (x-x^ )/y4Dt 
p l o t s , as shown i n P i g s . 4 .50 to 4 . 5 2 . The corresponding Arrhenius p lo t s 
of D vs . 1/T a r e shown in P i g . 4.53f which were used fo r f i n d i n g out the 
v a l u e s of Q and DQ . 
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Fig 449 RBS study of Pb diffusion in Zrg | Ni39(as-quenched) 
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-19 ? I generated diffusion profile with D = 2.14 X 10 m s 
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T/:BLE 4.14 R e s u l t s of Cu d i f f u s i o n in Zr^,Ni_^ 
Temperature Annealing D(iri s~ ) 
t ime _ _ _ _ _ _ _ . 
( K ) (min. ) Q R C 
621 53 6.38x10" ' '^ 5.86xlO~^^ 2.70x10'" '^ 
600 205 I.TOxlO""*^ 9 .90x10"^^ 1.07x10"' '^ 
575 300 8.47x10"'^° 8 . 6 5 x l o " ^ ° 7-82x1 o "^° 
-20 - 2 0 - 2 0 
551 585 2.12x10 2.43x10 4.87x10 
Q+AQ(eV/atom) 1 .36+0.14 1.20+0.30 0.67+0.14 
Doi/jPo(m /sec ) 6.27x10"'^ 2 .04x10"^ 6.23x10 '''^ 
+ 1.78x10~'^ +1.23x10"'^ +1.77x10" ' ' ^ 
A few i n t e r e s t i n g f e a t u r e s of t h i s i n v e s t i g a t i o n were: 
( i ) no s i g n i f i c a n t e f f e c t of the r e l a x a t i o n t r ea tmen t on the d i f f u s i v i t y 
va lues could be observed; 
( i i ) t h e D va lues i n the c r y s t a l l i z e d specimens were not much d i f f e r e n t 
from those in t h e amorfhous specimens; and 
( i i i ) no g r a i n boundary d i f f u s i o n component in c r y s t a l l i z e d specimens (as 
i n case of Au d i f f u s i o n ) was observed . 
( v ) Al Di f fus ion 
The d i f f u s i o n of Al i n Zr^^Ni, . was i n v e s t i g a t e d i n t h e temperature 
61 39 
range 551-626K by using AES. The p l o t s of (X-XQ )/^4Dt v s . (x-x^) a r e shown 
in P ig .4 .54 and 4.55 and t h e c a l c u l a t e d D va lues are mentioned in TABIE 4 .15 . 
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TmiE 4.15 Resu l t s of Al d i f fu s ion in Z r , , N i , „ 
m 4. , 1 • D(m s ~ ) Temperature /omealmg 
t i o a 
( K ) (min . ) Q R C 
626 50 - - 6.16x10"^^ 
593 180 1.27x10"^° 
573 300 9.85x10"^' ' - 4.88x10"^'' 
551 585 2 . 8 0 x 1 0 ^ ^ 6.27x10"^' ' 1 . 0 3 x 1 0 " ^ 
0+AQ(eV/atof f l ) 1.03+0.34 0.62+0.43 
Do+ADo(mVsec . ) 8.51x10" ' '^ 7.31x10"' ' 
+5.84x10"^ ' ' +6.29x10"^^ 
The p l o t s of D v s . 1/T using da t a at t h ree tempera tures only are shown 
i n F i g . 4 . 5 3 ' Because of small number of da t a po in t s t h e poss ib le e r r o r s 
in t h e v a l u e s of 0 and Do were q u i t e l a r g e . The obse rva t ions ind ica ted 
t h a t d i f f u s i o n was slower in the c r y s t a l l i z e d specimens than in the 
amorphous specimens, 
4 . 4 . 2 Dif fus ion i n Zr^^Ni.^„ 
65 35 
( i ) Pe , Ni Di f fus ion 
The d i f f u s i o n of Pe and Ni in Zr^^Ni,^ i n the tempera ture range 
6 5 5 5 •_, —• 
52 3-573K was s tud ied by using AES. The e r r o r func t ion p lo t s of (x-^x.^)/^ A Dt 
v s . (x-X(3) a re shown i n P i g s . 4.56 and 4 . 5 7 . The c a l c u l a t e d D values are 
mentioned in TmlE 4 . 1 6 . 
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fmiE 4.16 R e s u l t s of Pe , Ni d i f fu s ion i n Zr^^IIi 
65 35 
Temperature Annealing 
time 
( K ) (min . ) Pe Ni 
(*) 625 300 1.93 X W~'^^ 1.63 x 10~^^ 
( * ) 588 300 2.23 x l o " ' ' ^ 2.41 x 10"^^ 
573 300 2 . 3 7 x 1 0 " ^ ^ 5 . 3 6 x 1 0 " ^ ' ' 
548 300 3.34 x 10"^° 3-40 x 10"^^ 
523 300 1.08 X 10"^° 1.81 x 10~^^ 
Q+/^0(eV/atom) 1 .59 i 0.29 1 .77 ± 0.69 
Do+A^odrVsec ) 1.84 X 10"^ 2 ^ 6 x 10~^ 
j ^ l .13 X 10""^ i 4 . 2 0 X lO"'^ 
(*) The specimens c r y s t a l l i z e d during anneal ing as r evea led by X-ray 
d i f f r a c t i o n d a t a . 
The v a l u e s of 0 and D^ were obtained from t h r e e da ta po in t s corresponding 
t o the amorphous specimens in each of t h e D v s . 1/T p lo t s shown in 
P i g . ; . 5 8 . 
It i s important to note t h a t : 
( i ) Pe d i f f u s i c % was f a s t e r as compared t o Ni d i f fus ion ; and 
( i i ) the d i f f u s i v i t y va lues fo r both Pe and Ni decreased on c r y s t a l l i z a -
t i o n of the g l a s s dur ing d i f f u s i o n anneal ing as revea led by X-ray 
d i f f r a c t i o n . 
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4.43 Diffuslr II in Zr, Ni 
1 -X X 
( i ) Au Diffusion 
The diffusion of Au in as-quenched Zr Ni (x= 33,35 and 39 at %) 
was studied by using the RBS as a depth ptrof i l i ng technique in the temper-
ature range 549-623K. The calculated D values from the error function 
plots (shown in P igs . 4.59 to 4.62) are mentioned in TiEIE 4 .17 . 
Ti5BI£ 4.17 Results of Au diffusion in Zr Ni, 
Temperature Annealing ( a l l glasses were as-quenched ) 
time 
(K) (min.) Zr^^Fi^g^*^ Zrg^Ni^*^ ZTg^HiJ*^ ^ei^Sl 
(2 ) (1 ) (2 ) 
623 45 6 .72x10"^° 8 .30x10"^° 8.07x10~^° 4.98x10~^° 
610 90 3-38x10"^° 3.84x10"^° 2 .91x10"^° 2.16x10"^*^ 
- 20 - 2 0 -20 -20 
595 150 1.31x10 1.17x10 1.0^x10 1.13x10 
575 300 5.35x10"^^ 5-55x10"^^ 6.66x10"^ ' ' 4.54x10"^^ 
549 970 1.29x10"^'' 1-54x10"" ' ' 1 .21x10~^^ 1 .22x10"^' ' 
Q+A^0(eV/atom) 1.56^0.06 1 .57 i0 .14 1.57+0.15 1.44+0.06 
p 7 7 7 R 
D o + A l ' o U / s e c ) 2.63x10~ 3.12x10~ 3.24xlO~ 1.84x10~ 
+_3.19x10~'^ +8.35x10"'^ +9.77x10"'^ -f^2.21xlO~^ 
(*) Glasses taken from the different lo t s as indicated by (l ) and (2). 
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Fig.459, Plots of ( X-Xo)//4Dt vs ( X-X J for Au diffusion in Zrg, Ni^g 
(as-quenched, alloy taken from different melt-spun lot).measured by 
RBS. amorphous alloy ribbon was obtained from a different lot 
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The values of the ac t iva t ion energy, Q, and frequency factor D^, were 
measured from /r rhenius plots of D v s . 1/r shown in P ig . 4 .58. 
Some interes t ing observations were: 
( i ) there was an excellent agreement in D values in two g lasses , namely 
Zrg Ni and Zr^j-Ni whose specimens used for diffusion studies 
were prepared from two different l o t s of glassy ribbons melt-spun 
at different times in the case of each composition, (see TABLES 
4.11 and 4.17)» 
( i i ) i t was seen that when D was plotted against a normalized temperature 
T^/T , T^ being the c rys t a l l i z a t i on temperature of the glassy a l loy 
(Fig . 4.63r), at a given fract ion of T the diffusion of Au in 
Zr N^  glasses was r e l a t i v e l y f a s t e r in a glass of higher T 
(D in Zrg^Ni with T^=74^D in Zr^^Hi, with T^ = 701 K ) . 
4.5 DISCUSSION 
The r e su l t s of the diffusion measurements have been presented 
in the previous s ec t i ons . This sect ion is de'^ ^oted to the in terpre ta t ion 
and the discussion of these r e s u l t s on the basis of the present knowledge 
of diffusion in metall ic g las ses . 
An important feature of most of the reported measurements of 
diffusion in metall ic glasses i s the r e l a t i v e l y large uncer ta int ies in 
the D va lues . A tho rou^ discussion on the errors involved in our 
measurements is therefore presented f i r s t . 
4.5.1 Estimation of Errors in D, D^  and 0 , 
It would be worthwhile to assess the accuracy of the d i f fus iv i ty 
(B ) values obtained here by estimating the various errors involved in the 
measurement of D. In most of the cases considered in t h i s work we used 
the thick film solut ion for the measurement of D e i ther by the RBS or 
the AES technique for depth p ro f i l ing . In a few cases , especia l ly for 
Pb diffusion, the diffusion coeff ic ients were found by numerically solving 
the diffusion equation which involved f i t t i n g a computer generated profile 
with the experimentally obtained p ro f i l e . 
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The error in D c c Id ar i se due to errors involved in the 
following: 
( i ) measurement of the annealing time ( t ) ; 
( l i ) d«.pth scale ca l ib ra t ion to convert energy (in EBS) or sputter time 
(in AES) to depth, 
( i i i ) f i n i t e depth resolu t ion; and 
( iv) measurement of teuvferature ( T ) . 
Although some discussion can be found in l i t e r a t u r e regarding errors due 
to ( i ) , ( i i ) and (iv) above, no a t ten t ion has been paid so f a r to error 
( i i i ) , which,as we sha l l see l a t e r , can contribute s ign i f ican t ly to er rors 
In D for s tudies in metall ic g l a s s e s . 
As regards the measurement of t ime, the correct ions for the 
heating up and the cooling down durations during the anneal was incorpor-
ated according to the method described in reference / 7 / and the correct 
annealing time ' t ' was found correfcponding to the average temperature T 
represented by the f l a t region of the T versus t p lo t . In prac t ice , i t 
was found that a reasonably accurate estimate of the annealing time was 
given by the in terval between the points corresponding to 'X^ 9Q% of the 
stocdj^state temperature on a T-t p lo t . Based on our da ta , an estimate 
suggested that not more than 2% error was involved in the measurement of 
the annealing time t . Let us examine now the second and the th i rd possible 
sources mentioned above. The D values were obtained from tiie measurement 
of slopes before and a f t e r diffusion annealing, namely, GQ and G, , in the 
(x-Xo )/(/4Dt v s . (X-XQ ) plots by using the r e l a t i on 
1 
4 Dt = j 1/G^ - 1/Go (4.1) 
or D = V4t 1 1/G^ - 1/Go! (4.2) 
Taking d i f fe ren t ia l s of both sides and as the errors are addi t ive , we 
have: 
4 D = ht/At^ y 1/G^ - 1/Go I + SAG^^G^ 4t + 2^Go/G^ 4t (4.3) 
where the symbol V^^  represents the e r r o r . 
or 
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Assuming/^G./G X A^o/'^o because the error i^ G in slope is mainly due to 
the uncertainty in the measurement of the stopping power in the case of 
RBS and the sput ter ing ra te and i t s associated effects in the case of AES. 
Thus, we have 
^D= At/4t^j 1/G^  - I/G0J+ 2 ^ V V ^ [•'/^ + ^/^ol (4.4) 
A DA) =A Vt + 2^ G^ /G^  j (G^ + G^l - G^  ) j (4 .5 ) 
or ^D/D =At/t + 2AG^/GJ(GO/G^ + M ° ^ t '"'^ ^ '^^ ^ 
This expression gives an estimate of the e r ror in D due to the errors 
involved in the measurement of time t and the slopes G, and G^  . As mentioned 
e a r l i e r , the error in t i m e , ^ t / t was A^ . 2%. The error / ^ G in G was 
primarily from uncerta int ies in stopping powers or sput ter ing r a t e s . We 
used Bragg's rule far obtaining stopping powers in the metal l ic g lasses . 
Experimental values of stopping power are known to differ from predictions 
of t h i s ru le in various com'^ -^ und ta rge t s by up to 2C^c according to 
reference /&/• The only avai lable study on the measurement of stopping 
cross-sect ions £, ( E ) in a metal l ic glass i s in Feo^B^Q / 9 / which suggests 
tha t j / \ G+/G+ can be of the order of 10^ in the case of RBS. A similar 
magnitude could be assumed for AES measurements also for the er rors due to 
the sputtering e f f e c t s . 
The factor within parenthesis in Eqn. (4.6) a r i ses due to ' i n i t e 
depth re so lu t ion . If the depth resolut ion were i n f i n i t e l y good, G^  —> 0 0 
and t h i s factor tends to uni ty . In p rac t i ce , if the diffusion distance 
2 2 i s much more than the depth reso lu t ion , then also we have GQ/G. \ \ 1 and 
t h i s factor approaches uni ty . This condit ion, however, i s not always 
sa t i s f i ed for metal l ic glasses due to r e s t r i c t i ons on anneal time and 
temperature. It i s therefore necessary to exp l i c i t l y consider the effect 
of f i n i t e depth resolu t ion through Eqn, (4 .6) . We es t imated /a D/D in two 
t y p i c a l extreme cases corresponding to (GQ/G. ) ^ 7 (such as f . r Au diffusing 
2 in Zrg^Ni at 623 K, 45 min.) and (G^ /G^) ^i. 5'39 (such as for Au diffusion 
in Peg^BgQ a t 599K, 285 min . ) . 
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It could be seen jfrom Eqn.(4.5) that the maximum error in D could be 
between 30 to 4 0^ in the case of RBS due t o errors in measurement of time, 
system resolu t ion and depth scale ca l i b r a t i on , fii a few AES measurements 
es o 
which were carr ied out with film thickness/more than 1500A., a poor value 
2 
of (GO/G. ) was obtained ( e . g . i t wae2::f 2 .C8 ' o r Au diffusion in Peg_B„_ 
a t 599K, 285 min). This led to a higher er ror estimate of OL6Ofo in such 
ca se s . For most of the other diffusion measurements done by IBS (e .g . , for 
Cu, Pe, Ni and Au in Fe__B.-, and Zr-based g l a s s e s ) , the e r ror estimates 
were of compar^.ble magnitude to those in RBS because (GQ/G. ) > 3« In 
X — 0 
these measurements the film thickness of the diffusing species wer&<.1000A. 
The reso lu t ion problem in AES for thicker f i i i s i s discussed further in 
the next sec t ion-
The fourth source of error (uncertainty in temperature measurement) 
was ref lected ind i r ec t ly by the temperature dependence of D as given by 
the r e l a t i o n 
^ , QAT (4.7) ' 0 
whence, /^ D/D = ^ T / T . QAT (4.8) 
Typical ly, for A Tx^^, Q^eY, T-ii. 60CK, A V ^ could be as much as 
13^ . Therefore, summing up a l l the contr ibut ions , i:he estimated e r ror in 
D could eas i ly be as high as about 40 to 50^. However, the error estimates 
were somewhat higher ("60 to 70^) for AES measurements using thicker films 
0 
of the diffusuig species ^ 1800-2200A). Broadly speaking, one could 
conclude that the present measurements of D are accurate within a factor 
of about 1.5 to 2 . 
We have so far discussed about the estimation of e r r o r s inwolved 
in the measurement of D by the thick-fi lm solut ion of the diffusion equation, 
Another extreme case of evaluating D could be the thin-f i lm method where D 
values are found from the increase in the broadening of the diffusion 
prof i le before and af ter diffusion annealing t reatment . It can be shown 
that an equation similar to Eqn.(4.6) gives the error in the diffusion 
coefficient D. The errors thus do not depend, in pr inciple , on film 
thickness and thus in cases where D values were determined by numerically 
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solving the diffusion equation, similar n&gnitudee of errors would be 
The errors in the frequency fac to r , DQ, and the act ivat ion 
energy, Q, were estimated from l inear regression analysis / 1 0 / . A 
computer program for ca lcu la t ion of these errors i s given in APiESDIX I I I . 
The e r ro rs thus obtained are mentioned alorgwith DQ and Q values in 
TABLES 4.4 to 4 .17. It can be seen from theee TABIES tha t more re l i ab le 
estimates of Do and Q were obtained with at l eas t 4 or more data po in t s . 
With fewer data points the uncertainty, especial ly in DQ j corresponded 
to a few orders of magnitude . 
4.5.2 Comparison of D by RBS and AES methods 
The diffusion studies reported in l i t e r a t u r e / 1 1 / have been 
performed with the use of a single direct method. There i s no comparison 
avai lable in l i t e r a t u r e of d i f fus iv i ty values which have been obtained 
by using two independent d i rect methods in the same system so as to check 
the consistency of these d i f fus iv i ty va lues . We have used two independent 
experimental techniques, namely, the BBS and AES,for studying the diffusion 
of Au in both metal-metalloid (Fe^^^^ and Pe-^B-o) and metal-metal 
(Zrg.Ni^ ) as-quenched g la s ses . To avoid differences due to changes such 
as surface f i n i s h , anneal time and temperature e t c . , the same annealed 
specimens were analysed f i r s t by RBS (which i s non-destructive) and then 
by AES. Results of these invest igat ions have been given in sect ions 
4 . 3 . l ( i ) , 4 . 3 . 2 ( i ) and 4 . 4 . l ( i ) . 
It is c lear from TABIES 4 .4 , 4.9 and 4.11 that the diffusion 
data obtained by RBS and AES are quite consistent and show reasonably 
good agreement within experimental errors involved. However, the d i f fus i -
v i t y values obtained by AES are consis tent ly on the higher side by a 
factor of two. Although i t i s d i f f icu l t to explain in def in i te terms the 
reason for such cons is ten t ly higher values of AES data , some factors 
which may be responsible are described in the following paragrajhs. 
It i s noticed that the interface obtained from RBS appears sharper 
than tha t obtained from AES as i s evident from P igs . 4.33 and 4.34. 
t29 
The spreads in the interface (PWHM resolut ion) defined by the distance 
O 0 
between 12% and 88^ concentration points are ^ 280 A in RBS and^f 570^ in 
iffiS for a typ ica l film thickness of / [^ I800A of Au (see Figs . 4.33 and 4 .34) . 
The contributing factors to the interface broadening in case of RBS are the 
f i n i t e energy resolu t ion of the detector system and the energy straggling 
of the analysing beam in the f i lm . The system resolut ion (FWHM) as found 
0 
from the leading edge in an RBS profi le was 0^ 200A while the broadening 
a t the interface (PWHM) wasOi 280A. This increase in broadening at the 
interface is mostly due to s t raggl ing of the ion beam. According to 
Bohr's s t raggl ing formula 712/ the mean square deviation of the energy 
d i s t r i bu t ion i s given by 
JL^ = 4 TT Z^  e^Z^ N dx 
where Z^  and Zp are the atomic numbers of the project i le and target 
2 -13 
respec t ive ly , e = 1.44 x 10 MeV-cm., and Mx i s the number of atoms 
per cm in the f i lm . PWHM is given by 2.35 times XL. . I t can be checked 
o o 
from the formula tha t for a 1800A Au f i lm, a system resolut ion of 2 00A 
° + 
would become 260A due to s t raggl ing effects of the probing He ion beam, 
o 
which i s in good agreement with our measured value (-^ /28QA ) . This 
behaviour has also been observed by others / 1 3 / . 
However, in the case of AES, the factors contributing to a larger 
interface broadening are the knock-in e f f e c t s , surface roughness, prefeired 
sput ter ing and the change in the Auger peak shape due to the effect of 
chemical environment. It has been mentiored by Hall and Morabito / 1 3 / that 
the 'knock-in' e f fec t , whereby solute and solvent atoms are pushed deeper 
into the sol id due to the c o l l i s i o n cascade in i t i a ted by the primary argon 
ion, i s cumulative, i . e . , i t increases with increasing film thickness , thus 
degrading the depth r e so lu t i on . The knock-in effects are minimized by 
using low energy argon ions (0,5-1 KeV) / 1 3 / . We have used 1 KeV Ar 
ions during our inves t iga t ions . Thou^ low energy argon ions (500 eV - 1KeV) 
are preferred for sputter prof i l ing , even with these ions the depth 
resolu t ion cannot be improved beyond a ce r t a in .point because of the c o n t r i -
bution to the Auger s ignal ar is ing from surface rou^iness e f f ec t s . 
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Another source of error in profiling i s the possible dependence 
of Auger peak shape on surface composition. During our analysis of Au 
diffusion, the low energy Auger peak (69eV) was considered for concent-
r a t ion p ro f i l i ng . These low energy Auger t r ans i t ions with smaller escape 
depths are more sensit ive to changes in surface composition due to 
spu t te r ing . 
The processes described above,which led to an increased broad-
ening at the interface?are inherent to the technique of AES. In addit ion 
to t h e s e , depth profi l ing by AES depends c ruc ia l ly on accurate sputter 
ra te determination. The sputtering r a t e s were obtained by us on the 
assumption that the time af ter which 50fo concentration was reached in an 
unannealed specinen corresponded to f i lm th ickness . This procedure could 
lead to e r ro r s in sput ter ing ra te as film thickness were known within about 
+^(yfo and sputtering conditions were reproducible within about +5% • 
It has been shown by Hall e t a l . /1 3/ tha t the contr ibution of 
toock-in effect to depth resolut ion i s 10-20^ of the ffm for polycryst-
a l l i r B films and i s much smaller for amorjiaous f i lms . For a film thick-
0 O 
ness of'il2000A, t h i s gives a maximum contribution ofC^ 400A due to 
o 
i:nock-in e f f ec t . If an inherent depth resolut ion of Oi 200A PWHM i s taken 
for AES (as observed on much thinner f i lms) , the t o t a l broadening at the 
0 
interface due to a l l contributions should be l ess than 45>JA. However, the 
0 ° / 
experimentally determined broadening of 570A for '•;2£ ISOOA/'This suggests 
t ha t we might have overestimated the sputtering r a t e s by about 30^« Ihe 
measured diffusion distances would consequently be overFstimated by 60^ 
leading to cons is ten t ly large D values in the case of ABS. It i s i n t e r -
es t ing to note t ha t the observed discrepancy between RBS and AES data i s 
a lso of a similar order . The present comparison between RBS and AES 
c l ea r ly bringfeout the necessity of making independent diffusion measurements 
on the same system employing different techniques. 
o 
Therefore, the larger interface broadening ( ^ S T O A ) observed in 
AES is due to the effect of these contributing factors as discussed in the 
preceding paragraphs. Moreover, besides a reasonable agreement in diffu-
s i v i t y va lues , the act ivat ion energy Q and the frequency fac tor D^  (see 
TABIES 4 .4 , 4.9 and 4.11 ) also show quite a good agreement within the 
* thick Au film is greater than t h i s estimate by a factor of 1.27. 
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l imi ts 0-^  s t a t i e t i c a l e r ror as estimated by l inear regression ana lys i s . 
4 .5 .3 Comparison of D with the Reported Values 
The diffusion coeff ic ients measured so far in amorphous alloys 
are in the range 10" - 10~ m s~ / 1 4 , 1 5 / . We have given e a r l i e r in 
CHAPTER I I a compilation of almost a l l d i f fus iv i ty measurements in metallic 
glasses which are available in l i t e r a t u r e to d a t e . Only for Au and Pb 
diffusion in zirconium based binary g lasses , i t is possible to d i r ec t l y 
compare the d i f fus iv i ty values obtained by us with the measurements of 
Akhthar et a l . / 6 , 1 6 / and Kijek et a l . / I ? / . These invest igators have 
carr ied out the s tudies on diffusion of Au and Pb in binary Zr,^ ^Ni„ , , 
DO.b ii .5 
glasses employing RBS technique. A direct comparison of the d i f fus iv i ty 
values a t two typ ica l temperatures as obtained in our case with those 
IS presented in TilBLE 4.T8. 
reported /6,16-1 ?/__/We also used the same experimental technique (RBS) 
and also repeated the measurements by using another technique ( A E S ) . We 
studied diffusion of Au -^ n the basis of the th ick film solution of the 
diffusion equation (Eqn.3.59) and Pb diffusion was studied by solving the 
diffusion equation numerically in contrast to the th in film solut ion used 
by these invest igators / 6 , 1 6 - 1 7 / . It i s worth not-'cing from TABIE 4.18 
that the diffusion coeff ic ients for Au are in good agreement with the 
reported va lues . Another important aspect of t h i s comparison i s tha t in 
case of nearly ident ica l zirconimum-nickel g l a s ses , the D values for Au 
diffusion have been obtained by using thick fi lm (in the present work) 
and th in film (Akhtar et a l . / 6 , 1 6 / ) solutions of diffusion equation 
independently. Considerably large differences are seen in D values for 
Pb diffusion in Zr-Ni glasses compared to those reported by Akhtar et a l . 
/ 6 / . We cannot assign any specific reason for t h i s , but i t i s worth 
pointing out t ha t we faced the problem of globules formation in the Pb-film 
region af ter diffusion annealing,as revealed by SEM investigations 
(see Pig . 4.39) . This problem of globule formation i s well known and has 
been encountered, for example, by Oampisano et a l . / 1 5 / for R) films on S i . 
Generally these globules may resu l t in very deep 'd i f fus ion- l ike ' t a i l s in 
the RBS spect ra . As a r e su l t we considered only those depth profiles 
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TABLE 4 .18 A comparison of our measurements of D with those repor ted i n 
l i t e r a t u r e . 
D i f fus ing Alloy Temp. 
s p e c i e s ( K ) 
D 
-1 
Dr 
(m s e c " ) (m s e c " ) (eV/ 
atom) 
Ref. 
Au Zrg^Ni^g(Q- ) 619 
575 
^66./S3.3^^^ 
8.22x10 
5.11x10 
- 20 
I 
-21 
^ * 6 1 9 1.94x10 -20 
5 75 1.32x10 -21 
1 .16x10 
3.30x10 r5 
1.63 
1,87 
Present 
s tudy 
A/ 
Zr^_Ni__(Q')* 623 4.98x10 Of 33 
575 4.54x10 
-20 
,-21 
1.84x10 1 .44 Present 
s tudy 
Au Feg^B^gCQ' ) 645 1.32x10 
^^40%0^20^Q)* 6^5 
575 
.-2 0 
575 8.36x10 -22 
1 .06x10 
1 .22x10' 
- 20 
-22 
1.54x10"''° 1.28 Present 
Study 
9.40x10"^ 2.04 / 1 6 / 
546 
1 .06x10 
5.31x10" 
•19 
-22 
5.62x10 rl 1.62 Present 
Study 
Pb Zrg^Ni^g(Q' ) 626 
• ',* 
2 ^ 6 6 . 7 ^ ^ 3 . 3 ^ ' ^ ' ' ' 
575 
2.14x10 ,-19 
1 .63x1 0 
1 .63x10 -19 
5 .8x10-^ 2 .8 
Present 
s tudy 
/ 6 / 
Pe Zr^5Ni33(Q. ) 
Pe , ^Ni , -P , B-40 40 14 6 
573 
523 
573 
523 
2.37x10 
1 .06x10' 
,-19 
- 20 
1 .67x10 
5.34x10' 
-31 
-22 
1.84x10 
2.6x10"^^ 
2.6x10"^^ 
2 .86x10~^ 
2.5x10'^ '^ 
1.59 
0,59 
1.77 
0.85 
Bee Bent 
Study 
/ 1 8 / 
Present 
Study 
/ 1 9 / 
Ni Zrg^Ni^^CQ' ) 
^^79^1 l 'So" 
573 
523 
573 
523 
5.36x10 ,-21 
1 .81x10 ,-22 
1.24x10 -21 
2 .49x10 -22 
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•(Measurements on these glasses are available in l i t e r a t u r e . ) 
representing Pb diffusion for n^dasurement of D which did not reveal any 
globule formation on the surface by SEM investigatione af ter diffusion 
annealing t rea tments . A s imilar problem was faced with the diffusion of 
B i , in which case D value could be evaluated at a single temperature only. 
Ajkhtar e t a l . / 6 / have not made any microscopic examination of tiie samples 
which could t e l l whether any globule formation occurred during the i r Pb 
diffusion s t u d i e s . The diffusion measurements in various amorphous al loys 
of the species Pb, Au, Pe and Ni, which were considered in the present 
s tudy, have also been reported in l i t e r a t u r e / 6 ,16 -19 / . For the sake of 
comparison the D values for these species have been mentioned in TABIE 4.18. 
Svch a comparison only indicates the orders of magnitude within which the 
D values may l i e . Therefore, we can conclude from "the above discussion 
tha t our measurements ot D a re in good agreement with the reported values 
in l i t e r a t u r e . In view of the scanty information available on diffusion 
in metal l ic g lasses , a lot more invest igat ions with possibly 
improved accuracies in D are required for making any meaningful direct 
comparison of the d i f fus iv i ty values* 
I t is in te res t ing to note tha t the values of the frequency 
factor Do and the ac t iva t ion energy Q for Au diffusion in Zr-Ni glasses 
as giv.n in TABIE 4.18 are in ;ood agreement wit'-, those reported by 
Akhtar et a l . / 6 , 1 6 / . However, there is a wide divergence in the values 
of frequency factors (DQ ) and act ivat ion energies (Q) in different systems 
studied so f a r . It i s qui te c l ea r from the l i t e r a tu r e survey given in 
t h i s t h e s i s in CHAPTER I I that frequency factors (DQ ) show a var ia t ion 
in the range 10~ - 10~ m s~ for diffusion in glassy a l l o y s . This 
va r i a t i on in Do i s also found even for various measurements on the same 
system, which yield e s sen t i a l l y "consistent D values" . In view of t h i s , 
an agreement between our D, Do and Q values for Au diffusion in Zr-Ni 
glass with the values given by Akhtar e t a l . / 6 / can be considered 
remarkable, 
4.5.4 Diffusion in Amorphoue Alloys Versus in Crystal l ine "S te r ia l s 
A general observation of available diffusion data indicates 
tha t a t a given temperature, diffusion in an amorphous a l loy is fas te r 
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than c rys ta l l ine self diffusion and subst i tu t ional impurity diffusion, but 
slower than c rys t a l l ine i n t e r s t i t i a l impurity diffusion and grain boundary 
d i f fus ion . This has also been pointed out by Cantor / 1 5 / . A similar 
comparison of our diffusion data has been made with those for c rys ta l l ine 
systems. The diffusion coeff ic ients in c rys t a l l ine metals and alloys in 
the low temperature r a n g e , t y p i c a l l y ^ 4-73K-673K, are hardly available in 
l i t e r a t u r e and hence the values for these systems have been extrapolated 
from the data avai lable for the lowest temperature range. This comparison 
i s presented in TABLES 4.19 and 4.2 0, 4.21 for self and impurity diffusion 
r e spec t ive ly . An examination of TABIES 4.19 and 4.20, 4.21 vindicates the 
above contentaon tha t diffusion in amorphoie a l loys i s indeed fas t e r than 
se l f diffusion and impurity diffusion in c rys t a l l ine metals . I t is also 
worth noticing that Cu and Ni d i f f u s i v i t i e s in o{' -Zr are s l i ^ t l y greater 
than those in amorj^ous Zrg.Ni,Q in contrast to the d i f fus iv i ty values for 
a l l other species . Cu has been found to diffuse f a s t e s t among a l l the 
diffusing species considered here in both metal-metalloid and metal-metal 
g l a s s e s . However, in order to make a meaningful comparison, one should 
have the data in the low temperature regime in c rys t a l l i ne metals and a l l o y s . 
Some diffusion data pertaining to diffusion in t h in films a t low tempera-
t u r e s could be found in the reference / 2 1 / . 
TABU; 4.19 Self-diffusion coeff icients in metals 
Temper^^ture 
(K) 
645 
621 
575 
Reference 
p ( -Pe 
7.25x10" 
1.16x10' 
2 .26x10" 
/ 2 2 / 
-24 
-24 
-26 
D(m B~ ) 
Hi 
1 .36x1 O"^ "^  
-25 3 .03x1 0 ^ 
1.2 0x10~^^ 
/ 2 3 / 
OC - z r 
2.09x10' 
5.30x10' 
2.77x10' 
/ 2 4 / 
•23 
-24 
-25 
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TABLE 4.20 Itapurity diffusion coeff ic ients in c rys t a l l i ne metals and 
m 
our measurements/metal-ffletalloid amorpiious alloys 
Diffusing Temperature 
impurity 
D(m s ) 
(K) o<-Pe Fe^^^^iQ') %2B^g(0 ' ) Ref. 
Au 545 2.16x10"^'^ 1.32x10"^° 
575 5.75x10"^'^ 8.36x10"''® / 2 5 / 
643 1.86x10"^'^ 1.08x10"^^ 
PR —?? 
546 3,15x10 ° 5.31x10 
Sb 640 7.91x10"^^ 9.65x10"^^ / 2 6 / 
575 2.43x10'^'^ 6.99x10"^'' 
Cu 638 1.73x10'^^ 2.19x10"^^ /27/ 
S75 4.92x10"^® 1.15x10'^° 
Al 640 1.71x10"^^ 2.67x10"^^ / 2 8 / 
575 2.56x10"^^ 7.17x10'^'' 
4.55 Diffusion and Crystal Growth 
Diffusion coeff ic ients have also been est inated from c rys ta l l i za t ion 
k i n e t i c s , •primary c r y s t a l l i z a t i o n has been found to be control led by volime 
diffusion as indicated by the parabolic r e l a t ionsh ip between crys ta l d ia-
meters and annealing t imes, namely r =''^/]Dt (4.9) 
This procedure has already been explained in section 1.2,6.2 in CHAPTiE I , 
In prac t ice , there are several d i f f i c u l t i e s in estimating D by t h i s 
procedure. For example, the ra te cont ro l l ing diffusing species i s not 
known, p^ can only be evaluated for a simple c rys ta l morfixology, and 
c rys t a l and amorjiious matrix compositions are not usually known. In view 
of these d i f f i c u l t i e s and large errors even in direct measurements, an 
agreement within an order of magnitude between D values obtained by 
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TABLE 4.21 Jinpurity d i f f u s i o n c o e f f i c i e n t s i n c r y s t a l l i p e meta ls and 
i n 
our m e a s u x e m e n ' g ^ t a l - m e t a l amorphous a l l o y s . 
Di f fus ing Temperature 
impur i ty ( K ) o(^-Zr 
D(m^s"'') 
F i Zrg^Ni33 
Ref, 
Au 619 
550 
7.43x10 -26 
2.71x10 -28 
8.22x10 
.-20 
1.43x10 .-21 
/ 2 9 / 
Sb 619 
575 
2.03x10'^^ 3.68x10"^^ 
4.0x10 ° 1.70x10 ' 
/ 3 0 / 
Cu 621 2.56x10"^^ 8.79x10"^'^ 6.38x10~^^ 
-20 -2*5 -20 
551 5.72x10 1 . 6 4 x 1 0 ^ 2.12x10 
/ 3 1 , 3 2 / 
Al 593 
551 
3.75x10 >-28 1.25x1 0 r27 
4.95x10"^° 2,24x10*^^ 
1.27x10 -2 0 
2.80x10 -21 
/33 ,34 / 
Pe 573 
523 
1.21x10 -24 
2.14x10 .-26 
2.37x10 r19 
1.06x10 -20 
735/ 
Ni 573 
52 3 
7.48x10 •18 
1 .15x10 
-20 
5.36x10 .-21 
1.81x10 -22 
/ 3 6 / 
c r y s t a l l i z a t i o n and d i r e c t methods should be cons ide red f a i r l y good. 
Kos te r e t a l . / 3 7 , 3 8 / have es t ima ted t h e d i f f u s i o n c o e f f i c i e n t s from 
c r y s t a l l i z a t i o n N ine t i e s i n s e v e r a l i ron-based m e t a l l i c g l a s s e s and these-
were a t t r i b u t e d t o r ep re sen t B d i f f u s i o n . They have shown t h a t d i f f u s i o n 
r a t e s e s t ima ted from Eqn . (4 .9 ) i n Ste-B ( l4 -20 a t % B ) a l l o y s a r e 
independent of boron c o n c e n t r a t i o n a t l e a s t f o r the tempera ture and 
\ 
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concentration range investigated. The diffusion coefficients obey an 
Arrhenius relationship with an activation energy Q= 1 .87 eV and a pre-
-4 2 -1 
exponential factor Do= 2 x 1 0 m s . It has also been found that D^  
-2 -3 
and Q in Pe-Ni-B glasses are shifted considerably from 8 x 1 0 to 1 .1x10 
2 -1 
m 8 and from 2.18 to 2.69 eV/atom respectively on extending the temper-
ature range studied. In another study Chang et a l . /39/ have estimated 
diffusion coefficients from crystallization l^inetics in amorphous 
Peg^B.pSi . In a recent review /15 / , Cantor has cornered these diffusion 
coefficients obtained from crystal growth with those from direct methods. 
This comparison revealed that diffusivities obtained from crystal growth 
in ^^g^.p^^ft "^^ ^ "^'^ orders of magnitude h i ^ e r than Pe, B or Si diffu-
sivi t ies obtained from direct diffusion measurements while those in Pe-B 
are closer to Pe diffusion than B. We have also given a similar comparison 
of our diffusion data with those obtained from crystal growth /38,40,41/ 
in TABLES 4.22 and 4.23- It can be seen from these TABIES that the 
diffusivity values cf Au in Feop^.g and ^e B^p agree fairly well with the 
D values obtained by crystal growth data. As we have not done any self-
diffusion study in Pe-B glasses, this comparison cannot lead to any 
conclusion about the rate controlling species during crystal growth. 
TABLE 4.22 Activation energy and frequency factor and diffusivity values 
firea crystal growth data (priaary crystallization) 
Alloy Temp. Q Do Ref. 
2 -1 
( K ) eV/atom m s 
Pe-B (473-673 ) 1.87 2x10^^ 38 
(14-20 a t io) 
6 00 D:=3.87x10~^'^ 
645 D=4.83x10" ^ 
Zr^^ . N i , , ^ 6 3 5 ])=4 .Qxio"''® 40 
63.5 36_.5 
-19 
Cu^ Zr , 713 D=5.3x10 41 
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TABLE 4.23 Some t y p i c a l D v a l u e s r e p o r t e d in t h i s "ork (for comparison 
wi th TABIiE 4 .22 ) 
Diffus i r j -
s p e c i e s 
Ni 
Cu 
Au 
y\u 
Alloy 
(Q' ) 
^65^^S5 
' "6 /S9 
% 2 ^ 1 8 
% 0 ^ 2 0 
Temp. 
(K) 
635 
713 
600 
645 
599 
643 
D(mV) 
6.13 X 10~^^ 
-17 1.52 X 10 ' 
-21 2 . 8 7 X 10 
-20 1 .32 X 10 
-21 9.47 X 10 
-19 1 .06 X 10 ^ 
The only a v a i l a b l e D va lue from c r y s t a l l i z a t i o n da ta in a 
Zr, c-'^ -^ -JC c g l a s s has been repor ted by Scott e t a l . / 4 0 / who found 
0 3 . 5 3fc> '5-10 2 _ i 
D = 4*0 X 10 m s a t 63 5'K for pa rabo l i c growth of c r y s t a l s . This 
va lue of D compares w e l l wi th our measurement of D of Ni i n Zr,^Ni_^ 
IQ 2 1 -^  ^-^ 
(D = 6 . 1 3 x 1 0 ^ m s a t T = 635K, see TABIE 4 .23) sugges t ing tha t 
Ni may be the r a t e c o n t r o l l i n g spec ie s dur ing c r y s t a l g rowth . Another 
a v a i l a b l e measurement of c r y s t a l growth d i f f u s i v i t y da ta i s i n Ciu^Zr. 
r epor t ed by Freed and Vander Sande / 4 1 / who found D a t 713K t o be equal 
-19 2 -1 
t o 5.3 X 10 m s and t h i s value was a t t r i b u t e d t o t h e d i f fus ion of 
Zr i n t h e CUj-.Zr g l a s s . However, t h i s value of D i s lower by about 
two o r d e r s of magnitude than our measurement of d i f f u s i v i t y of Cu i n 
Zr^^Ni^ g l a s s (3= 1.52 x 1 o"""'^  m^  s""* a t T = 713K,see TABIE 4 . 2 3 ) . In a 
r e c e n t review / i 5 / Cantor pointed out t h a t c r y s t a l growth d i f f u s i v i t y da ta 
i n Ni ,„Nb,^ g l a s s do not agree wi th d i r e c t measurements of Ni or Au 60 4O 
d i f f u s i o n c o e f f i c i e n t s in the same amorphous a l l o y . 
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It i s c lear from the above diaecussion tha t d i rec t measurements 
of self-diffusion of a l l the const i tuents of a glass are necessary t o m&ke 
an objective comparison v/ith the c rys t a l growth data and to ascer ta in the 
r a t e control l ing species during c r y s t a l l i z a t i o n . An in teres t ing discussion 
on t h i s subject i s given in refererce / 1 5 / . 
4.5.6 Effect of Structural Relaxation and Crys ta l l iza t ion 
There is a wide var ia t ion in r e s u l t s regarding the effect of 
s t ruc tu ra l re laxat ion in metal l ic glasses on the basis of diffusion studies 
carried out so f a r . Chen et a l / 4 2 / observed a dras t ic reduction in 
d i f fus iv i ty of Au in Bi CUgSi. a f ter subjecting the g lass to a 
re laxat ion treatment near the glass t r a n s i t i o n temperature T . Doi et a l . 
/ 4 5 / studied the diffusion of B in Pe-^P^^C^ amorjixous a l l oy using 
secondary ion mass spectrometry (SIMS). They reported that in the case of 
impurity diffusion of metalloid elements ( B , P ) , the effects of preannealing 
a t temperatures lower than the c ry s t a l l i z a t i on temperature T are to 
decrease D and to increase Q. Similar r e s u l t s have been obtained by other 
inves t iga tc r s /1.4-45/. These s tudies suggest that during preannealing 
(relMcation treatment near T or T ) the amorphous structure in the a s -
g x ' ^ 
quenched s ta te has changed into another amorphous stirncture in which the 
impurity atoms cannot move as eas i ly as in the as-quenched s t ruc tu re . 
However, in other measurements Luborsky and Bacon (Si in PeopB.„Si, / 4 6 / , 
Bear et a l . fP in Pe Ni Cr P^^^g ) / 4 7 / , Akhtar et a l . / 6 , 1 6 / ( Au in 
Pe,^Ni 3 ^ „ andF'i„„ ^Cu.Si,^ ^) have shown tha t re laxat ion has no effect 40 4Cr20 77.5 6 16.5 
on d i f fus iv i ty values measured by them. In f a c t , the observations of 
Akhtar et a l . / 6 , 1 6 / are in contradiction to those of Chen et a l . /^2/ 
and the former explained t h i s difference on 1iie basis of different methods 
of glass production used. Akhtar et a l . prepared glasses by melt-spinning 
method in contrast to the gun splat-quenching technique of Chen et a l . and 
hence the a l loys produced by melt-spinning experienced some autorelaxation 
during the quenching process. Present work also included diffusion studies 
on pre-annealed (relaxed) glassy specimens alongwith as-quenched specimens 
of metal-metalloid Pe B._ and Pe„^p_ g l a s s e s . The former a l loy was 
subjected to a re laxat ion treatment a t 653K for 10 min while the l a t t e r 
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at 623K for 15 mxn. before deposition of d i f fus i r^ species on the i r surfaces. 
However, the shining side of the ribbon was used throughout the experiments. 
We did not observe any s ignif icant effect of re laxat ion on di f fus iv i ty of 
various diffusing elements as i s clear from TiBIES 4.4 to 4.17 given ea r l i e r 
in which the diffusion coeff ic ients in relaxed amorphous a l loys (denoted by R ) 
are mentioned at different temperatures alongwith the i r values in as-quenched 
al loys (denoted by Q' ) . Thus our r e su l t s are in agreement with those of 
previous invest igators /46-47, 6 ,16 / . In recent idveet igat ions , Horvath et a l . 
/48-49/ and Efahler et a l . / 5 0 / have demonstrated the effect of s t ruc tura l 
re laxat ion on d i f fus iv i ty of Pe in Pe-^Ni QB^^^ and Pe Ni B respect ive ly . 
They plotted the diffusion coefficient D(t ) as a function of t o t a l anneal 
time t + t , where t and t^ are the durations of pre-annealing and diffusion P d p d f -o 
annealing treatments respec t ive ly . It was observed that at a given temper-
a ture the d i f fus iv i ty decreases in the course of annealing,leading to a 
near ly saturat ing value which presumably represents the d i f fus iv i ty in a 
well-defined relaxed amorphous s t a t e . They claimed an accuracy of +5% in 
t h e i r measurement of diffusion coef f i c ien t s . Moreover they suggested that 
the possible reason for the fa i lure of Akhtar et a l . / 1 6 / to observe 
• re laxat ion effect ' during the i r Au diffusion studies in Pe.--Ni -B could 
be due to the preannealing time ( 5 min at 658K ) which was too ^ o r t to 
e s t ab l i sh the well-relaxed s t a t e . Though we did not make a similar type 
of study, a similar trend can be seen in a few of the data obtained in 
our s t u d i e s . This i s shown in TABIE 4.24. I t is c lear from t h i s T/BIE 
tha t there i s a s l igh t decrease in d i f fus iv i ty with increasing annealing 
dura t ion . Such small differences a r e , however, wel l within experimental 
e r r o r . For a conclusive evidence a systematic study as done by Horvath 
et a l . /48-49/ i s requi red . 
In metal-metal g lasses very few studies have been performed 
/6,16-1 7/ in which the effect of s t ruc tu ra l re laxat ion has been examined. 
I t has been found that s t ruc tu ra l relaxat ion does not s ign i f ican t ly affect 
the D values . We also did not find any signif icant changes in D values , 
In relaxed glasses for diffusion of Au and Cu in Zr^ Ni (see TABIES 4 .11 , 
4 .14) . However, a s ignif icant increase in D for diffusion of Sb and Al 
(see TJBIES 4 .12, 4.15) in Zr, .Ni at 601 K and 551K respect ively i s 
b I ^y 
TJ5BIE 4.24 D i f f u s i v i t y v a l u e s f o r d i f f e r e n t anneal-'ng d u r a t i o n s 
1 4 1 
Diffusing Temp. 
spec i e s /A l loy ( K ) 
Anneal time 
(min.) 
D(mV) 
Au/Peg^^o^*^' ^ 5^^ 
576 
105 
285 
180 
480 
900 
1.09 X 10 
9 .47 X 1 0 
5.27 X 10" 
4.61 X 10" 
1.95 X 10" 
-20 
-21 
-21 
-21 
Au/Peg^B^gfO' ) 600 
575 
313 
375 
915 
1200 
2 .87 X 10 -21 
2.34 X 10 -21 
8.36x 10 -22 
8.06 X 10 .-22 
Cu/PeQ^B^gCQ') 638 60 
120 
2.19 X 10 -19 
1.95 X 10 ,-19 
Cu/Zrg^Ni^g(Q) 621 40 
53 
7.81 X 10 
6.38 X 10 
•19 
•19 
s u r p r i s i n g . Though these a r e h ighe r by a f a c t o r of two than t h e i r 
co-a-rrterparts i n t h e as-quenched g l a s s , because of the l imi t ed da ta po in t s 
i t i s d i f f i c u l t t o c a l l i t a genuine e f f e c t . 
Thus we can conclude on the b a s i s of our d i f f u s i o n da ta t h a t 
s t r u c t u r a l r e l a x a t i o n t r e a t m e n t s g iven by us before f i n a l d i f f u s i o n anneal 
had no s i g n i f i c a n t e f f e c t on d i f f u s i v i t y i n m e t a l l i c g l a s s e s (^®80^20' 
PCggB^g and Zr^^M ) s tud ied in t h i s work. 
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Crysta l l iza t ion 
Like s t ruc tu ra l re laxat ion the r e s u l t s on effect of c r y s t a l l i z a t i o n on 
d l f fus iv i ty are quite v a r i e d . ?alenta et a l . /51-52/ observed a decrease 
in d i f fus iv i ty of P and Fe in Pe Ni P B after diffusion annealing a t 
a high enough temperature to cause extensive c ry s t a l l i z a t i on of the a l l oy . 
Contrary to t h i s observation, Akhtar e t a l . / 6 / found t h a t Pt diffused 
fas te r in Zr j^^^ir -z^ a f t e r complete c r y s t a l l i z a t i o n . Recent inves t i -
gations of Horvath et a l . / 4 9 / show a decrease in d i f fus iv i ty on the 
onset of c r y s t a l l i z a t i o n . 
We have carried out an extensive study in t h i s regard Besides 
as-quenched and relaxed a l loys , pre-crys ta l l ized specimens of Pe__B.„, 
P e ^ and Zr, Ni were a lso taken for invest igat ing diffusion of 
various species . The c ry s t a l l i z a t i on treatments have ea r l i e r been 
mentioned in TABLE 3 . 1 . The r e s u l t s obtained are very in teres t ing as 
both the effects mentioned above were observed. 
The diffusion of Au was fas te r in c rys ta l l i zed specimens of 
both metal-met al io id (Pe„ B. and Pe _B„ ) and metal-^ietal (Zr, Ni ) 
a l l o y s . This is i l l u s t r a t ed in corresponding error function plots as 
shown in P igs . 4.19 and 4.44 and D values are given in TyiBLES 4.4 and 4 .11 . 
Two clear diffusion processes could be seen on these plots as shown by 
f i t t i n g two s t ra igh t l i n e s . The t a i l region in the lew concentration 
range , representat ive of f a s t e r diffusion component, i s a t t r ibuted to 
diffusion along the grain boundaries. The other s t r a i ^ t l ine representing 
a slower diffusion component is due to the volume diffusion. We analysed 
these data in terms of Whipple's theory of diffusion /53-54/ as also 
applied by Chuang et a l . / 5 5 / in the study of interd if fusion in thin f i lms. 
An in te res t ing feature revealed by these investigations i s t ha t the 
volume diffusion component D in crys ta l l ized specimen i s smaller than 
the diffusion coefficient in corresponding amorjiious al loy at a given 
temperature. This i s not surpris ing in ti«w of the fact that the diffusion 
coeff ic ient in the more open amorphous structure i s expected to be higher 
than in c rys ta l l ine systems. This predominant gra in boundary diffusion, 
as different from bulk diffusion, was observed only in the case of Au. 
Sb diffusion r e s u l t s in c rys ta l l i zed PSQ^B^Q also indicated a small 
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contr ibut ion from a fas t diffusing? component as revealed in the i r diffusion 
prof i les (see Fig . 4.23)* These data were analysed by f i t t i n g a calculated 
profi le to the observed profile af ter solving the diffusion equation 
numerically. The reported D values were obtained by excluding the t a i l 
region for f i t t i n g the calculated profi le and thus represents the lower 
diffusing component. We have not analysed th i s t a i l port ion, but i t 
could very well be due to a possible gra in boundary diffusion- The 
observations o^ diffusion of other species - Cu, Al, Ni and Pe in c rys ta -
l l i zed a l loys were qui te d i f fe ren t . For these diffusing species a decrease 
in d i f fus iv i ty was observed in c rys ta l l i zed alloys as compared to the 
d i f fu s iv i ty values in the corresponding as-quenched amorphous a l l o y s . In 
case of Pe and Ni diffusion in Zr,_Ni_^ amorjiious a l loy a decrease in 
d i f fus iv i ty was observed when the amorphous alloy c rys ta l l i zed during 
diffusion annealing as revealed by X-ray d i f f rac t ion . This decrease in D 
i s qui te evident in e r ror function plots given in P igs . 4.56 and 4-57 
(also see TABIE 4 .16 ) . These r e su l t s have ea r l i e r been given in TABIiES 4 .7 , 
4 . 8 , 4 .14, 4-15 and 4.16 and Pigs . 4-28, 4-52, 4-52, 4-55, 4-56 and 4.57-
These observations indicate that the d i f fus iv i ty in c rys ta l l i zed specimens 
of amorphous alloys not only depends on the c ry s t a l l i z a t i on mechanisms 
involved in different amorphous a l loys , but also on the type of diffusing 
spec ies- It has also been suggested by Cantor and Oahn / 1 4 / that i t i s 
not possible to generalize t ha t d i f fus iv i ty decreases as an a l loy i s 
transformed fron the amorphous to the c rys ta l l ine s t a t e . Sometimes diffu-
s i v i t y values are seen to increase and sometimes to decrease after c rys ta -
l l i z a t i o n of the amorphous al loy- The amorphous al loys considered in t h i s 
work had a multi-j±iase structure a f te r c r y s t a l l i z a t i o n . A meaningful 
comparison i s possible only when an amorphous phase can be transformed into 
a single c rys ta l l ine phase with coarse grain size so tha t the grain boundary 
contr ibut ion . t.. diffusion in the c rys ta l l ized a l loy can be neglected. 
4.5-7 General Observations on Diffusion in Metal-Metalloid and Metal-Metal 
Glasses 
Diffusion measurements of various species (AU, CU, Al, Sb, Pb, 
Pe and Ni) in metal-metalloid (Pegg^iQ and Peg^B^Q) and metal-metal (Zr^^Ni^^) 
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glasses '."'ere carr ied out in the present study. The following observations 
were made on the basis of our studies in metal-metalloid g lasses : 
( i ) In the as-quenched Peg^B.Q g l a s s , the diffusion of Cu, Al and Au 
decrease according to 
^ C u > ^ A l > \ u 
( i i ) Sb diffuses as fas t as Cu in FeQ„B.„. 
Oil 18 
( i i i ) The temperature dependence of the measured d i f fus iv i ty values could 
be described by an Arrhenius r e l a t ion 
D = Do e ^ 4 t (4.10) 
( iv ) The diffusion of Au in Pe^-B^- and Pe_,^B-- showed the following trend: 
VKo^20^>^Au^%2^18^ 
f>e sha l l elaborate fur ther on observation ( iv) l i s t ed above. It was 
suggested by Cantor and Cahn / 1 4 / that diffusion coeff ic ients in metal-
metalloid (M-Me) amorphous al loys are sel f -consis tent on a normalized 
Arrhenius plot (D v s . T / T ) and the D for an element x in M-Me glass 
could be given by a r e l a t i on 
x^ = V "^^P ^  " \ ^g^^ ^^'^^^ 
where D , D and B depend on the diffusing element x . The act ivat ion 
JC O X J»-
energy 0 i s thus proportional t o glass t r a n s i t i o n temperatxire T , 
i . e . , Q = B k T for a given species x . Eqn.(4.1l) implies tha t at a 
given f rac t ion of T , the diffusion coeff ic ients in metal-metalloid 
S 
amorphous alloys depend only upon the nature of the diffusing spec ies . 
For the glasses studied by us , we could not measure T , but t he i r c rys t -
a l l i z a t i o n temperatures were found to be nearly iden t i ca l , being 726K 
(for Peg^^o ' ' ^"^ ^ ^ ^ ^'^°^ •^82-^18^' "'•" ^^^* °^ t h i s , T for these two 
glasses are not expected to be widely d i f f e ren t . Prom Eqn. (4 .11) , t h i s 
leads to the conclusion tha t Do ^^ Q ^o^ any par t icular impurity (e .g . Au) 
should be similar in the two metal-metalloid glasses considered in the 
present work. However, the D values obtained hy us for Au diffusion in 
P e g 3 - and PeopB-iQ d i f fe r by upto a fac tor of s i x , being on the h i ^ e r 
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side in fHe former g l a s s . Our re-^ults for Au diffusion in these two metal-
metalloid g l a s se s , namely Feo^Bpn ^^'^ •^®R?'^IR' ^^ ® thus not in agreement 
with the generalized Arrhenius re la t ionship described by Eqn. ( 4 . I I ) . 
Therefore, i t suggests that the s t r ic ture of a metall ic glass has a role 
to play in the diffusion process. Eay et a l . / 5 6 / have given the density 
values of several 'Pe^  B glasses and it can be s een that Pe„^B^^ has a 
1 -X X ^ •- 82 18 
s l igh t ly higher density ( p 7.48 gm cm" ) than that of Pe B^ ,^ ( p7 .40 gm cm" ), 
Gaskell /5 7/ has calculated the mean atomic volum.e per atom, Vm,and metal 
packing f ract ion '^f^ for these glasses: 
'm 
^^80^2 0 ^^•''^ °*^^^ 
Peg^B^g 12.92 0.664 
Based on these data , one can say that the s t ructure of Ts^^^^ i s more 
' loosely packed' as compared to the structure of Pe_„B.o. Waseda and 
Chen / 5 8 / , during the i r s t r uc tu r a l invest igat ions by X-ray d i f f rac t ion of 
Pe-B g lasses , found that the atomic d i s t r ibu t ion of metall ic glasses with 
boron content less than 20 at % d i f fers from tha t of other typ ica l metal-
metalloid g l a s s e s . 
It wac also observed during Au diffusion s tudies in Pe„-B. „ glass 
tha t Pe from the a l loy diffused out on the surface of the Au film as 
revealed by RBS and AES analysis (Pig • 4 .63) . A similar observation has 
been made by Swartz et a l . / 5 9 / during thermal diffusion studies in b i layers 
of Pe, Co, Ni and Au th in films under an oxidizing environment. They 
suggested that the driving force for iron segregation through the Au film 
i s the oxidation of the t r ans i t ion metals - Pe , Ni and Co a t the surface. 
We have found the Pe segregation to be more prominent for thinner Au films 
^ o . 0 
(•CSOOA) while in thicker An films (CsLISOOAj on Pe-based glasses such effect 
•->^ 
was not observed. This indicates that trace amount of oxygen was present 
in sealed specimens whichjduring diffusion annealing, must be causing Pe 
t o come out on the surface . The diffusion annealing of the specimens was 
carr ied out in small pyrex-glass capsules f i l l ed with pure helium gas after 
evacuating them to "2^ 1 10 Torr and l a t e r flushing them with helium gas 
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3 to 4 times before doing the f i n a l sea l ing . Some specimens were annealed 
in a vacuum furnace in a vacuum be t te r than 2 x lO"'' Torr . Inspite of t h i s , 
ij; i s l ike ly tha t trace amounts of oxygen may be present which cause the 
-5 
iron to segregate on the surface . In f ac t , an environment of even 10 Torr 
pressure has been found by Ziegler / 6 0 / to be adequate to cause segregation 
of Pe through Au f i lms . Our observation of Pe segregation i s , therefore , 
consistent with that of Ziegler . We have calculated the amount of Pe on 
the surface in a typical case (for Au diffusion in PeooB^^ - as quenched 
a t 628K, 113 min) where Pe has segregated through the Au f i lm. This amount, 
16 2 
as determined from corresponding EBS spectrum, i s 2.5 x 10 atoms/cm . 
o 
Considering a typical diffusion distance ofC:i200A, the number of Pe atoms 
17 2 
present in FBQ^^^Q would be Crl 1 .8 x 10 atoms/cm over "Biis depth. 
Therefore, equivalent of ^ o u t ^5% of Pe atoms present in the diffusion 
zone have segregated to the sur face . If the en t i re diffusion zone con t r i -
butes to segregation of Pe, t h i s could affect the g lass composition 
s ign i f ican t ly in the region of i n t e r e s t . However, if most of the Pe atoms 
tha t segregate to the Au-film surface come from a narrow zone (^ 50k) 
near the interface only, our measurements of D values wi l l be prac t ica l ly 
unaffected by segregation, and may be considered to represent diffusion ±n 
a glass of o r ig ina l composition. 
Since segregated amount depends on film thxckness, we carried out 
meaaurements of D in PeQoB^„ and Peo„Bo„ with same film thickness and under 
Old l o OU t-V 
iden t ica l anneal condi t ions . These measurements also yielded similar 
differences in Au d i f fus iv i t i e s in the two glasses as mentioned in 
TABIE 4 .25 . Furthermore, for a few measurements carried out on Pb diffusion 
a l s o , an ident ica l trend was found (see TABIES 4.6 and 4 .10) . In view of 
these measurements, we conclude that segregation of Pe does not affect the 
D values s ign i f i can t ly , and iiie observation (iv) made above is genuine. 
diffusion 
The only other available measurement of Ay/in an iron based metallic glass 
(Pe. Ni^ B ) by EBS has been made by Akhtar et a l . / 1 6 / who did not report 
any Pe segregation. In f a c t , they used a t h in film (csi IOOA) of Au during 
the i r s tudies and in such a case i t would be impossible to resolve a small 
surface iron peak from the bur i j^ iron plateau in an RBS spectrum. 
PiH*thermore, i t has also been ^own by Ziegler / 6 0 / tha t a l t h o u ^ Pe and Ni 
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TABIE 4.25 Diffusion c o e f f i c i e n t s of Au i n Pe B and P e „ 3 measured 
under i d e n t i c a l f i lm and anneal c o n d i t i o n s . 
2 —I Temp. Anneal time D(m s ) 
( K ) (min.) ^ ^ 8 2 ^ 1 8 ' ^ ^ ' ^ ^ 8 0 ^ 2 0^^ ' ^ 
575 12 00 8.08 X 10~^^ 
900 1.95 X lo"^ ' ' 
593 180 3-87 X 10"^^- 8.49 x i o " ^ ' ' 
both r e a d i l y segregate through Au f i l m s , no segrega t ion i s seen when an 
a l l o y of Pe and Ni i s used ins t ead of the pure m e t a l s . In view of t h i s , 
i t i s q u i t e l i k e l y t h a t t h e r e was, in f a c t , no seg rega t ion a t a l l in the 
s tudy of Akhtar e t a l . / 1 6 / on Pe r,Ni B„ . There fore , based on our 
obse rva t i ons we can say t h a t d i f f u s i o n i n me ta l -me ta l lo id g l a s s e s 
depends both on the d i f f u s i n g spec ies as w e l l as on t h e amorphous a l l o y 
m a t r i x , "'e nov; cons ider the d i f fus ion behaviour ooserved in meta lnne ta l 
(M-M) g l a s s e s . Our o b s e r v a t i o n s on d i f f u s i o n of Pb, Au, Cu, Al and Sb 
i n Zr^ ,Ni ,^ and Pe and Fi i n Zr^^Ni^^- i n d i c a t e the fo l lowing important 
f e a t u r e s : 
( i ) The meas'ured d i f f u s i o n c o e f f i c i e n t s in M-M amorphous a l l o y s are of 
comparable magnitude t o those in M-Me amorphous a l l o y s (see TABIES 4.4 
t o 4 . 1 7 ) . 
( i i ) An /ixrhenius behaviour for d i f f u s i v i t i e s i s observed in M-M a l l o y s 
s i m i l a r t o t h a t in M-Me amorphous a l l o y s . 
( i i i ) In as-quenched Zr^.Ni_^ amorphous a l l o y , t h e observed d i f f u s i o n 
D1 39 
c o e f f i c i e n t s follow the r e l a t i o n D^^^ -^Al^ •'^Au'^ "'^ Sb 
'•'e would l i k e t o mention here t h a t Sb d i f fu s ion in Fe^B i s cons ide rab ly 
f a s t e r than in Zr , ^Ni^„ . This r e s u l t i s i n t e r e s t i n g because Sb being a b1 59 
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metalloif' diffuses fas ter in a g"''T,ssy metal-metallr-'d al loy than in a 
metal-metal a l l o y . There are hardly any deta of a comparable nature to 
t e s t the general v a l i d i t y of t h i s observation. Nevertheless, an examination 
of available measurements l i s t ed in TAB IE 2.2 does indicate tha t diffusion 
of B (a metal lo id) in e metal-metalloid glass of the type Pe,, B is much 
fas t e r than in a Uic-o ,-^.^ r- .s lass. A plausible cxpl'-nririon,. for t h i s 
59.5 40.5 
observation may l ie in the fact tha t a metalloid atom is l i ke ly to 
experience much different chemical in teract ion with neighbouring atoms in 
a metal-metalloid glass as compared to netal-metal g lasses . 
( iv) In Zr^ t^ ^Ni^ c- (Q' ) amorjiious a l l oy , Pe and Ni d i f fus iv i t i es vary-as: 
^Pe>^Ni-
(v) Metals (AU, CU, A1 and Pb) have been found t o diffuse f a s t e r in 
metal-metal Zr^.Ni (T = 741K) glass than in metal-metalloid Pe ^B. 
(T == 725K) glass (see P ig . 4.64-). 
(v i ) The study of Au diffusion in Zr Ni (x= 33, 35 and 39 at ^ ) showed 
that a t a given fract ion of T , the c rys t a l l i z a t i on temperature of 
X 
the g l a s s , diffusion was f a s t e r in Zr^ Ni_ (T =741K) with a _ 
higher T than in Zr^^Ni_, (T =701K)with a lower T as revealed by 
'^ ^ X 67 33 X x ^ 
plot t ing D v s . T /T curve shown in P ig . 4 .65 . All the above ©bser-
vations are quite consis tent with those of Cantor and Cahn / 1 4 / . 
Thus, our invest igat ions have c l ea r ly demnostrated the specif ic features 
of d i f f i i s iv i t i es in both metal-metalloid and metal-metal g lasses as 
discussed above. A few of these points w i l l be further disciissed in a 
l a t e r sec t ion . 
4 .5 .8 Correlation in Diffusion Data for various species 
In t h i s sect ion, an attempt has been made to correla te the 
diffusion data with some physical parameters of the diffusing spec ies . 
The f i r s t cor re la t ion considered here i s between the value of D at a 
fixed temperature and the atomic radius of the diffusing species . For the 
case of diffusion in c rys ta l l ine metals with an 'open' atomic arrangement, 
i . e . , metals with a r e l a t i v e l y large metal l ic / ionic radius r a t i o , the 
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value of D, a t a f ixed f r a c t i o n of the me l t i ng temperature has been found 
t o decrease wi th inc rease in a ton ic r a d i u s /6l/'•'^'e have p l o t t e d in P ig .4 .64 
the d i f f u s i v i t y va lues of v a r i o u s spec ie s in FegpB.o* ^^ar^OQ ^^ ^^fil^'^'^Q 
m e t a l l i c g l a s s e s a t a f i xed temperature of 573K aga ins t t h e a toc ic r a d i u s r 
of the d i f f u s i n g s p e c i e s . The d i f f u s i v i t y va lues a re mentioned in 
TABIE 4 . 2 6 . 
TABIE 4.26 Diff ' i s ion c o e f f i c i e n t s a t 573K i n as-querched Peg^B^g, ^®80^20 
and Zr. Ni g l a s s e s . 1-x X ^ 
2 —1 Diffus ing spec i e s D(m s~ ) at 573 K 
^ 8 2 ^ 1 8 ^ ^ 6 / S 9 
-20 -20 
Cu 1.05 X 10 6 .77 X 10 
Al 6.24 X lO"^"" 7.36 x lO"^'' 
Au 6.41 X 10"^^ 5.28 x lO"^'' 
2 . ' j ; X 1 0 ~ ^ ' ' ( * ) 
Sb 6.03 X 10 ^^ 1 .09 X 10 
Pe 1 .88 X 10"' '^(**) 
Ni 7.63 X 10~^"'(^*) 
(*) Value in Peg^^Q 
(*^f) Values in ' ^ r , ^M,^ 
D5 55 
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Except for Sb diffusing in ?e B^^ (see Fig. 4 .66) , a l l other data points 
indicate the trend of decrease in D with ircrease in the atomic radius 
of the diffusing species . Sb being a metal loid, i t s diffusion in a metal-
metalloid g lass would be influenced by the chemical in teract ion with the 
metal/metalloid atoms in the a l l o y . Therefore, t h i s trend of decrease in 
D with r in amorphous a l loys is very i n t e r e s t i n g . Thou^ we have not 
o 
investigated in t h i s work the diffusion of atoms smaller than Pe ( i . e .<^ 1 .26A). 
Luborsky / 6 2 / has given a s imi lar plot on the basis of available diffusion 
data in metal-metalloid al loys and has fourl a similar t r end . Consequent 
to t h i s he has mentioned tha t t h i s decrease in D with r may represent a 
r e l a t i v e l y decreasing role of i n t e r s t i t i a l diffusion mechanism and an 
increasing role of vacancy type mechanism as suggested for c rys t a l l i ne 
al loys / 6 3 / . 
j\nother in teres t ing corre la t ion has been found between the a c t i -
vation energy and the melting point of the diffusing spec ies . Ti\BlE 4.27 
gives a col lec t ion of diffusion data and oiiier parameters which have been 
corre la ted . The values of act ivat ion energy have been plotted against the 
melting point of the solute as shown in Pig . 4.67. I t could be seen from 
t h i s plot t h a t , except for a large deviat ion for Sb diffusion in Pe„pB.„ 
and Zr^ Ni^ , and for Al diffusion in PeopB^o, the points can be considered 
to f a l l aoout a s t ra ight l i n e . The large sca t ter for Sb diffusion could be 
possibly due to large er rors associated with Q. It has been found that 
excluding these points , the r a t i o of Q/ '^12.28+15'^ for a l l other 
diffusing species considered in t h i s work. This sort of re la t ionship for 
metal l ic glasses is reported for the f i r s t time and i s similar to the one 
given by Brown and Ashby / 6 4 / for c rys ta l l ine systems. 
Another corre la t ion was attempted between Q and InDj, as done by 
Luborsky / 6 2 / . This is shown in P ig . 4.68 which indicates that the points 
on IUDQ versus Q plot approximately f a l l on a s t ra igh t l ine . This corre-
l a t i on should be considered excel lent in view of the large e r ro rs associated 
with Q and DQ for some of the data points . A s-'jnilar cor re la t ion for 
t r a c e r diffusion in c rys ta l l ine Pb and Cu has been mentioned by Hood / 6 3 / -
Besides the cor re la t ions discussed above, we could not get any other 
cor re la t ion of our diffusion data with other physical parameters such as 
the heat of fusion, e lec t ronegat iv i ty e t c . 
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4.5.9 Possible Diffusion Mechanisms 
In almost a l l the diffusion studies available in l i t e ra ture 
and also in those reported in t h i s work, iiie amorphous al loy diffusion 
coeff ic ients have been found to obey an Arrhenius law (Eq.(4.10)) similar 
to that in c r y s t a l l i n e s o l i d s . In c rys ta l l ine s o l i d s , for a t rue random 
walk vacancy or inter ati±i.al- diffusion, a l l diffusion J>umps are 
equivalent (see Fig . 4.69) and we can write Eqn. (4.IO) as / 6 5 / : 
2 
D = < f d exp ( - A S i A ) exp ( Q ^ A T ) (4.12) 
where ^^ i s a geometric factor including corre la t ion e f fec t s , f i s the 
v ibra t ion frequency of a diffusing atom, d i s the diffusion jump distance, 
^ Sj^  and 0. are the act ivat ion entropy and energy respect ively of an ind i -
vidual diffusion jump. In contras t to c rys t a l l i ne a l loys , the local 
s t ruc ture i a an amorphous a l l oy is different at each point in the material 
and thus the values of these f a c t o r s , namely, c^^ , d ,AS^ and Q^^ vary from 
one diffusion jump to another (see P ig . 4 .69) . Therefore, the values of 
Do and Q,as experimentally measured,would be the average over many 
diffusion jumps. The probabil i ty of different diffusion jumps depends on 
the d i s t r i bu t ion of individual act ivat ion ba r r i e r s Q. , through a set of 
Boltzmann fac tors exp (-OJ^AT ) / 1 5 / . The observation of non-Arrhenius 
behaviou^ reported in some cp.ses /52 ,66-67/ could LAUS be due t o a 
d i s t r ibu t ion of 0- for individual atomic jumps. However, the observed 
Arrhenius behaviour in most of the cases reported and in the present study 
indicates tha t for a given diffusing species and a given amorphous a l loy , 
the diffusion process i s controlled by a single diffusion mechanism with 
a cha rac te r i s t i c C and D^  over a range of temperature. However, i t i s 
d i f f i cu l t to make a c r i t i c a l assesanent whether Arrhenius behaviour is 
s t r i c t l y followed in view of the large e r rc rs involved in d i f fus iv i ty 
measurenents and the limited data available at present. 
Diffusion in c rys t a l l ine systems i s normally a lass i f led into two 
d i s t i n c t mechanisms: i n t e r s t i t i a l and vacancy^'vidence for in ter gto.tial 
diffusion mechanisms i s confined almost en t i r e ly to systems in v*iich one 
component occupies inter s^;ltia]_ positions as equilibruim s i t e s , i . e . , in 
in te r si; it"ii;X solid so lu t ions . On the other hai3d , diffusion in 
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s u b s t i t u t i o n a l s o l i d s o l u t i o n s almost i n v a r i a b l y occurs through a 
vacancy-so lu te exchange mechanicm / 6 8 / . The usua l d e f i n i t i o n of a 
vacancy as an unoccupied l a t t i c e s i t e i n c r y s t a l l i n e s o l i d s i s not 
app l i cab l e i n an amorphous s t r u c t u r e . Moreover, computer model l ing 
(molecular dynamics) s t u d i e s / f 9 / have ind ica ted t h a t i n d i v i d u a l vacancies 
( i . e . unoccupied space of the s i z e of an atom) a r e not s t ab le in amorjhous 
a l l o y s . The re fo re , i t i s not c l e a r whether the i nd iv idua l atomic j'omp 
p rocess involves an exchange of an atom with a l o c a l i z e d point de fec t l ike 
a vacancy. The two important parameters which a r e obtained by d i f f u s i o n 
measurements are the frequency f a c t o r C^ and the a c t i v a t i o n energy Q. 
The s i g n i f i c a n c e of t he se parameters i n r e l a t i o n to the d i f f u s i o n mecha-
nisms has been d i scussed by l e C l a i r e / 7 0 , 7 1 / . He has ind ica ted the 
r e l a t i v e magnitudes of D^ f o r d i f f e r e n t types of d i f f u s i o n mechanisms 
f o r d i f f u s i o n i n c r y s t a l l i n e s o l i d s a s : 
2 —1 Mechanism DQ (m s~ ) 
Atomic Interchange '•^ 1 
—4 —'5 
Hole or vacancy '^^ 10~ - 10 
I n t e r s t i t i a l "^ 10 - 10~ 
I t should be noted t h a t because of the exponen t i a l form of Eqn . (4 .10 ) a 
modest e r r o r in 0 can lead t o a l a r g e e r r o r in D^. Unlike the v a l u e s of 
Do and 0 in c r y s t a l l i n e s o l i d s , these va ry over a wide range from about 
10 to 10 m s~ i n d i f f e r e n t amoriiious a l loys s tud ied so fax ( see 
l i t e r a t u r e survey i n CHAITER I I ) . Therefore , due t o la rge u n c e r t a i n t i e s 
involved in D;-,, i t i s d i f f i c u l t t o ge t a c l a s s i f i c a t i o n of d i f fu s ion 
mechanisms on the b a s i s of the v a l u e s of DQ . In f a c t , liie D,, v a l u e s for 
v a r i o u s d i f fu s ing s p e c i e s obtained in our measurements show a l a rge 
-2 -12 2 -1 
v a r i a t i o n in the range 10 - 10 m e a s mentioned in TABLE 4 . 2 7 . 
Moreover, in the absence of a t h e o r e t i c a l frame-work for amorphous a l l o y s , 
a poss ib l e c o r r e l a t i o n of DQ with any suggested d i f f u s i o n mechanism 
appears d i f f i c u l t . 
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In the following paragr phs we shal l exanT-ie the possible diffusicn 
nsechanisffis in amorphous al leys keeping in view the diffusivi ty data 
reported here in t h i s work as well as in l i t e r a t u r e . Based oi the 
available dif fusivi ty data i t was suggested by JCLjek et a l . / 7 2 / that 
there ai-e two d i s t i n c t mechanisios for diffusicn of small and large atoms 
in amorphous a l l e y s . For small atoms, such as Li , B, Si an i n t e r e t i t i f i l , 
mechanism has been suggested, while i the large atoms such as Au, Pd 
are supposed to diffuse by a process involving the cooperative movement 
of atoms. Hydrogen being the smallest in size certainly diffuses by an 
i n t e r e t l ^ i c l ^ mecnanism. Ih is conclusicti i s based an the fact that the 
d i f fus iv i t i e s for large atoms are 2-3 orders of magnitude smaller than 
for diffusion of small atoms at equivalent fraction of glass t r a n s i t i o i 
temperature T • 
^ g 
In the i n t e r s t i t i a l mechanism small solute atoms are assumed to 
migrate through the ' i n t e r s l i i t i a l ' s i t e s ' in the amorphous alloy matrix. 
I t has been shown / 7 3 / cti the basis of soft-sphere amorphous models that 
the amorphous structure can be described as ccnsisting of only octaliedral 
and te t rahedra l in te r t r t i t i a l s i t e s (see Pig . 1 •8), but the proporticn of 
octahedra i s much smaller than that in fee and the polyhedra are no 
longer regular . Unlike fee, tt i s i t e s are ccnnected such that octahedral-^ 
octahedral, octahedral'»tetrahedral and tetrahedral">tetrahedral jumps are 
a l l poss ib le . Ahmadzadeh and Cantor / 7 4 / and Kijek e t al • / 75 /have shown 
that the mean r a d i i of octahedral, te t rahedra l and t r iangular s i t e s are 
similar in fee and arnorphoiis s t ruc tures , so the mean act ivat ion barr ier 
for atoms escaping from octahedral and te t rahedra l s i t e s should also be 
s imi l a r . Based en these invest igat ions they suggested tha t i n t e r e s t i t i a l 
diffusivi ty in an aruorphous s tructure should be equal to that in an 
equivalent fee s t ruc tu r e . However, the actual process of diffusien wil l 
be much more complicated Decause i t i s l ike ly that there would be a d i s -
t r ibut ion of act ivation energies for individual i n t e r s t i t i a l jumps due 
to the d i s t r iou t icn of s izes of i n t e i e t l t l a l s i t e s in an amorphous a l l oy . 
Hence, under tiiese conditions in t e r stitir>]i diffusion wil l not be a true 
random walk process . CSa t h i s oas is , i t would be then possible to explain 
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the ncn-Arrhenius diffusicn behaviour observed in some cases /52 ,66 ,67 / . 
However, th i s ccnclusicn cannot be generalized because in ccntrast to t h i s , 
the Arrhenius law has been found to be obeyed A , 4 3 , 6 2 / for the species 
( B , Si) which are supposed to diffiise by an i n t e r e t i t i a l inechanism. 
Therefore, the propositicn of i n t e r e s t i t i a l diffusicn mechanism for small 
atoms i s merely based on Hie high diffusivi ty values observed fcr / large 
atoms. During our invest igat ions tne smallest atom considered was Ff 
o 
(r= 1 ^ 6 A ) amcaagst a l l the diffusing, species and in view of the small 
frequency factor and activation energy, i t i s unlikely that i t diffuses by 
an i n t e r e s t i t i a l process . In t h i s context we would also l ike to mention 
here that small atoms can become trapped in larger i n t e r e s t i t i a l s i t e s in 
an amorphous structure as represented by deep energy wells shown in Pig .4 .69, 
and thus the d i f fus iv i t i e s can be small compared to those in an fee c r y s t a l . 
Another important mechanism of diffusicn in amorphous alloys which 
has been proposed by many inves t igators /19,52,76/ involves the cooperative 
movement of atoms. Qualatatively t h i s process can be visual l ized to occiii-
in the following way. In t h i s process, an atomic free volume equivalent 
to a vacaicy in the c rys ta l l ine structure i s assumed to be distr ibuted 
amcng a group or c lus te r of unspecified number of atoms re ta ining some 
sort of short-range order / 7 6 / . Due to thermal v ibra t ions below the glass 
t r a n s i t i o i temperature, t h i s frue volume continually undergoes a r e d i s t r i -
bution thereby permitting the atomic diffusicn to occur whenever the 
associated free volume with the atom becomes la rger than some c r i t i c a l 
va lue . Ih is point was also mentioned e a r l i e r in secticn 1 .2 .4 . I t fiirther 
indicates that diffusicn would be highly correlated as envisicned in the 
free volume model of Tumbull and Cohen / 7 7 / with an effective frequency 
much smaller than the noriml Debye atomic frequency. Thus, the value of 
Do would also be correspcndingly lowered by orders of magnitude. This 
view, in fac t , i s consistent with low values of Do as also have been 
observed in th i s work (see TABLE 4 .27 ) . However, there i s no way to 
precisely quantify the value of DQ > but i t would depend en the number of 
atoms in a c lus ter or a group, thermal v ibra t icns and the ava i lab i l i ty 
of free space« 
* these species as compared to d i f fus iv i t i e s for 
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Cantor ar ^ Gahn / U / have suggested on the basis of the size d i s t r ibu t i cn 
of i n t e r s t i t i e l s i t e s in Finney Model, that there may be a few large 
in te re t i t l - J . s i t e s and the migratioi of an in te rs t i - l l a l s i t e requires 
the cooperative motiai of the surrounding atoras. In f ac t , t h i s process 
i s analogous to vacancy Liigraticn in c i y s t a l s . But unlike in c i y s t a l s , 
the inigratiai occurs due to tiie col lect ive moticn of atoms ra ther than a 
single atoiii. 
In a recent paper / 5 0 / Pfahler et al • have discussed various 
possible diffusi^xi aechanisi-is for dif fusioi of Pe in Pe..Ni. . B , ^ . The 
41 41 lo 
large values of D^ obtained in tlie work of I fahler et al *, as well as in 
an e a r l i e r work by Valenta et al /51>52/ have been interpreted to represent 
a diffusion mechanism having similar features as the diffusion of spread-
out vacancies in Ge and in te r ' s ' t i t inljB in Si v±iich are also ciiaracterized 
by large D^ values / 7 8 / . 
Prom the above discussicn, i t seems that both the large as well 
as the small values of the pre-expcnential factor (DQ) have been explained 
in terms of a diffusicn mechanism involving a cooperative movement of atoms* 
Bo^-ehteyn et a l . / l 9 / have proposed a simple and idealized model 
for diffusioi in amorphous al loys* Ch the assumption that diffusicn in 
ainorphou' allqys i s caused by a rimultaneous jump ^^ f a group of n atoms 
by a distance greater than a c r i t i c a l jump distance j o , they derived the 
following simple re la t i cns using random walk model and the theory of 
reactio:! r a t e s : 
D, = 1/6 i) / O^/i)^'^'"'^ (4.13) 
'^ = ^d'b Qu n(Jo/a) (•^  ' H ) 
viiere Q= act ivat ica energy? D =^ frequency fac tor , j) = mean frequency of 
atomic viorat icn in the ground s ta te taken tu be equal to the Debye 
frequency i).^^ "i) = vibrat ien frequency in the t ransient (act ivated) 
s ta te corresponding to a simultaneous activated jump by a group of n atoras, 
Qj, i s taken as the activation energy for impurity diffusicn in crys ta ls 
eaad "SL i s the ccrresponding l a t t i c e parameter. Based on Eqs.(4.13) and 
(4.14) i t was shown in reference /^9/ that the essent ia l difference between 
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diffusion in crysttils i^nd in amorrhuus alloys i s that in c iys ta l s the length 
of the atouiic jutiip i s of ttic order uf the l a t t i c e parameter a, while the 
c r i t i c a l displact^iifcnt j ^ i s a fraction ('^16/o) of that length while in 
amorphous alluys tne c r i t i c c i Jisplaceoent i s the same length as the jun^j. 
The model further suggests that tlie elementary event of diffusion consists 
in the cooperative junn. of a fcroup of independent events, each covering a 
small distancfc, 3-5* uf the l a t t i c e parameter of a corresponding crys ta l l ine 
^ s t e Q . The charac te r i s t i c nunber of atoras in the group i s believed to be 
n > 4 , which corresponds to the uost acceptable hypothesis regarding the 
structure of amorphous al loys as described by the model of Bemal and 
Polk / 7 9 / . 
We have also calculated the values of j ^ / a and 1 ) / V based on 
th i s model (from B(?is • 4.13 and 4.14) using our diffusivi ty da ta . Results 
of these calculati 'ons for a few typical cases are mentioned in TABLE 4 .28 . 
I t can be seen from TABLE 4 .28 that the c r i t i c a l displacement var ies in 
value from approxinately 5.5'^ to 7 4/fo of an atomic distance assuming n=4 
and from 3 •5'^ to 4 •T'?^ . at n=10 (as against 16'^  reported for vacancy diffusi'in 
in fee crys ta ls /BO/) . In these calcifLaticns the values of the Debye 
frequency were taken from references /81-83 / and the values of Q^  were taken 
from l i t e r a t u r e / 8 4 / (also see s ec t i a i for references on Q^). I t should be 
noted that for a given n, the values of (j / a ) depend on act ivat ion energies 
only . Our estimates of the c r i t i c a l jump distances are in good agreement 
with values given by Bokshteyn et al • for diffusion in Pe-B-Si and Bd-Cu-Si 
g l a s s e s . However, we consistently get (i-*/U ) ^ 1> which would imply that 
the t ransient s ta te i s "softer" than the ground s ta te . Bokshteyn et a l . 
have reported {^/)) ) values which are ^ 1 , implying a "haixier" t ransient 
s t a t e . I t shuuld De noted that ( i ^ / l ) ) i s sensi t ive to er rors in DQ values, 
vdiich are known t^ be l a r g e . In view of these observaticns, i t may be argued 
that a diffiision event in metall ic glasses in gneral comprises of very small 
(^ «^  3-7% of atomic distances) displacements of individual atoms forming a 
group. 
We havo discussed above the various possible mechanisms for diff-
usicn in amorph.us a l loys . The most plausible mechanism should involve a 
cooperative movfement of atoms or the diffusion process can be visualized as 
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occurrinji due to a red is t r ibu t ion of free space between the atoias, rather 
than the atonic motion i t s e l f . At present i t i s not possible to correlate 
the experimally observed values of the diffiisicn data (especially Do and Q) 
with soroe calculated parameters according to a well-defined model. 
Bierefore, a further insight in to the actual diffusion process needs 
ejctensive computer modelling studies of amorphous al loys in re la t ion 
to the diffusion of atom^ tnruugh the i r structure » 
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OXIDi^ION STUDIES 
5.1 lOTRODUGTION 
The o x i d a t i o n s t u d i e s were oa r r i ed o u t , i n a i r and i n an aqueous 
medium con ta in ing 0.5 M ^ 3 0 ad jus ted to a pH value of 4 .0 by the a d d i t i o n 
of HoSO , on t h r e e commercial m e t a l l i c g l a s s e s obtained from All ied Corpo-
r a t i o n , USA belonging t o the t rade name R-IETGLAS 2605 s e r i e s , namely, 
FBg^B^Q (METGLAS 2 « 0 5 ) , Fe CO B Si^ (METGLAS 2605 CO). The surface 
s e n s i t i v e t echn iques v i z - X-ray Fho toe lec t ron spec t roscopy (XPS) and Auger 
E l e c t r o n Spectroscopy ( A E S ) were used for the c h a r a c t e r i z a t i o n of t h e 
n a t i v e ox ide , the f i l m s formed as a r e s u l t of o x i d a t i o n i n a ix a t h igh 
t e m p e r a t u r e s and due to c o r r o s i o n i n aqueous medium» The r e s a l t o of the 
elrrm!?" frtu'lie-s f.re presented ^nd d iscussed in. t h i s CFI/rTr.n'. 
5.2 CHARACTERIZATION OF THE NATIVE OXIDE 
5 .2 .1 FSg^B^Q (METGLAS 2605) 
( i ) AES R e s u l t s : 
F i g , 5 . 1 ( a ) r e p r e s e n t s the AES survey taken on Feg^B^^ (he rea f t e r 
r e f e r r e d t o as 2605) amorphous a l l o y . The survey i n d i c a t e s t h a t Pe , 0 , C, 
and S were the main elements present on the surface , 
F i g . 5 . 1 ( b ) r e p r e s e n t s the AES depth p r o f i l e of the n a t i v e oxide 
us ing 500eV Ar i o n s . I t can be seen t h a t the f i l m was complete ly removed 
i n c a . 5 minutes when the oxygen s i g n a l came down t o an t n s i g n i f i c a n t 
l e v e l . E r e - s p u t t e r da t a i nd i ca t ed t h a t i ron was c a . 42 atom percent 
whi le boron was only c a . 8 atom percent i n the na t i ve ox ide . These obser -
v a t i o n s showed t h a t i r o n in the f i lm was more than 5 t imes of boron while 
i n the a l l o y i t i s 4 t imes of boron i n d i c a t i n g the reby d e p l e t i o n of boron 
on the outermost surface of t h e oxide f i l m . One i n t e r e s t i n g obse rva t ion 
could be noted t h a t boron c o n c e n t r a t i o n a f t e r 2 minutes of s p u t t e r i n g 
almost at the i n t e r f a c e (when oxygen s i g n a l i s reduced t o h a l f ) , reached 
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maximum ('ca. 28 atoms percent) , while iron concentr'^tion was s t i l l ca.50 
atom percent . This shows the enrichment of boron at the metal oxide in te r -
face though the outermost surface was depleted in boron. 
Pig. b'2 represents the B(KLL) spectra before and af ter 1 minute, 
2 minutes, and 5 minutes of bombardment with 500eV /r"*" ions . The peak nt 
149.5 eV before sputtering belongs to sulphur (aris ing as a r e s u l t of 
surface contamination) while three small peaks v i z . at 166.5 eV, 170 eV 
and at 178.5 eV represent a minor amount of boron possibly in the form of 
boron oxide. As a resu l t of sputter ing after one minute, the peak due to 
sulphur contamination disappeared and a six peak s t ruc tu re , i . e . , at 
c a . 129 eV, 137 eV, 153.5 eV, 166 eV, 169.5 eV, 179.5 eV appeared with the 
peak at 169.5 e? being the most in tense . The s t ructure remained almost 
s imilar after two minutes of spu t te r ing . The peak at 179-5 »V became the 
strongest while other peaks were reduced in in tens i ty after 5 minutes of 
sput ter ing showing that the oxide of boron was almost reduced to elemental 
boron. Joyner and Hercules / I / have reported chemical bonding and electronic 
s t ructure of BjO , H BO and BN studied by /ES, XPS, SMS and SXS. The 
authors report a six peak s t ruc ture for BpO and a single peak for eleme-
n t a l boron at c a . 181 eV. Six peak s tructure observed by us af ter 1 and 2 
minutes of sputter ing resembles to that reported by Joyner et a l . for BpO.,. 
( i i ) XPS Resul ts : 
P ig . 5.3 shov/s C Is and Fe 2p spectra of native oxide on 260t 
amorphous al loy before sput ter ing (a ,a ' ) and after sput ter ing ( b ' ) • 
C Is binding energy at 285.4 eV showed an instrumental shif t of 0.6 eV 
towards higher binding energy as the C Is binding energy due to adventitious 
carbon i s reported to be 284.8 eV/2/. This instrumental shif t of 0.6 eV was 
ver i f ied by Au rf^/p peak which was observed at 84.4 eV (correct peak 
position = 83.8 eV for Au 4f^ /p) . 
Pe 2p-,/p peak which occurred at 710.0 eV and was asymmetric towards 
higher binding energy did not show any s a t e l l i t e and showed a shif t of 3.2eV 
with respect to Pe 2p ,„ peak of metall ic iron / 3 / . The peak position did 
not change on spu t te r ing , however a s a t e l l i t e was observed at c a . 715 eV. 
The energy of Pe 2p , peak has been reported to shi f t by 4.2 eV between 
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pure iron and Fe^O^ A , 5 / . Kishi and Ikeda / 6 / observed a change in the 
oxidised iron binding energy with oxidation and observed a maximum shift 
of 4.0 eV. On the other hand Hoare and Talerman / ? / studied the photo-
emission from 3p levels with the r e su l t that peak maximum from Pe,0 in 
3 + 2 + 5 4 
which Pe to Pe r e t i o i s 2:1 , i s 1 eV lower than that for Pe^O . These 
two sets of data as well as the work of E r t l and Wandelt / 8 / suggest a 
chemical sh i f t of 3.0 eV between Pe and Pe,0 . 
9 4 
In the recent work reported by Wandelt / 9 / and Brundle et a l . / 1 0 / 
P e ( l l l ) species whether in Pe„01, PeQCH or Fe-0,. have been reported to 
2 3 3 4 
have a chemical shif t of 4.? eV while P e ( l l ) species have been observed to 
have a shif t of 2.7 eV. The authors report a s a t e l l i t e at c a . 8.5 eV 
higher than P e ( l l l ) 2p , peak and at c a . 6 eV higher than Pe ( l l ) 2p ,p 
peak. However, the spectrum of Pe^O which is a superposition of weighted 
J) + 
spectra of Pe 0 and Pe^O i s reported not to poeeess any s a t e l l i t e s t ruc tu re . 
The spectrum before sputtering in Pig. 5 .3 , which has an overall 
sh i f t of 3-2 eV, and which does not have a s a t e l l i t e s t ruc tu re , therefore 
seems to indicate a mixture of P e ( l l l ) and Pe ( l l ) oxide close in composition 
to Pe_,0 . Mter sputtering for 1 minute , the signal in tens i ty becomes 
higher due to removal of hydrocarbon contamination and part of P e ( l l l ) 
species get reduced to P e ( l l ) species and therefore, a broad s a t e l l i t e at 
c a . 715 tJ, charac te r i s t ic of Pei,Jl) species appears. 
P ig . 5.4 shows 0 Is and B Is spectra before and af ter sput ter ing. 
I t can be seen that boron signal was very feeble before sput ter ing and 
became somewhat prominent af ter sputtering with a maximum at c a . 191 . 7 . 
This peak posi t ion does not match with the B Is peak reported for : ^ 0 , / I / 
(193.4 eV) probably because of reduction of boron oxide due to sput te r ing . 
0 Is peak appeared at ca . 530.4 eV and i t s posit ion remained the 
same even af ter sput ter ing, /sami et a l . / 3 / report the 0 Is peak for iron 
oxides a t 530.UO.2 while Wandelt / 9 / repor t s 0 Is peak for a l l oxides of 
iron at 530.3 eV which i s in agreement with the observation made by u s . 
The surface native oxide on 2605 amorphous a l loy seems, therefore , 
to be a mixture of P e ( l l l ) and P e ( l l ) oxide close to a composition of Pe^O^ 
with small amount of boron oxide probably in the form of E^O^- The film is 
depleted in boron on the outermost surface but boron concentration re la t ive 
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to iron becomes more at the in te r face . 
5.2.2 Pe^.B,^ ^Si^ ^C^ (METGLAS 2605 SC) 81 13.5 3.5 2 ^ 
( i ) /J3S Resul ts : 
Pig . 5.5 shows the AES depth profile with 500 eV Ar'*'ions and 
af ter 
B(KLL) spectra before and/sput ter ing. Iron in the pre-sputter data was 
30.6 atom percent while boron was about 8 atom percent. These values 
indicate that iron in the film was less than 4 times of boron while in 
the a l loy , i t was about 6 times showing thereby enrichme'^t of boron in the 
native oxide. The oxide-alloy interface was reached in ca . 2.2 minutes 
where boron was 12 .5 atom percent and iron was 59 atom percent showing that 
^as comiaared to that on the surface , 
the amount of boro^was more at the in te r face , but boron to iron 
r a t i o was less at the in te r face . The oxide film was completely removed in 
ca . 4 .5 minutes . 
Boron KLL spec t ra l features are similar to those observed in 2605 
a l loy showing boron oxide (see Pig . 5.2) and therefore are not being 
discussed again. 
( i i ) XPS Spectra: 
Pig. 5.6 shows Pe 2p and 0 Is spectra . Pe 2p , peak QCa:arTei at 
710.2 eV showing a shif t ',f 3.4 eV with respect to that of metal l ic iron 
and did not change after sputter ing with 1KV /ir ions for 1 minute, /symmetry 
-)n the higher binding energy side showed the presence of more thsin one 
oxidation s ta te of i ron . A shi f t of 3.4 eV which is intermediate between 
that for P e ( l l l ) and Fe ( l l ) oxide shows the presence of both the species 
which Is further confirmed by the absence of s a t e l l i t e structure between 
Pe 2p , and Fe 2p , peaks. However, small humps at c a . 716 eV and 
c a . 730 eV give the indication of the dominance of P e ( l l ) species over 
P e ( l l l ) spec ies . 
0 Is peak occurred at 530.1 eV before sputtering and at 530.6 eV 
af ter spu t t e r ing . These values are consistent with those reported for 
iron ( l l ) and ( i l l ) oxides / 3 , 9 , 1 0 / . Asymmetry on the higher binding 
energy side which disappeared on sputtering shows the adsorption of water 
molecules on the outermost surface. 
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Pig . 5.7 shows B Is and Si 2p spectra before and af ter sput te r ing . 
B Is spectra showed t races of boron on the surface but the spectra l features 
are such (suppressed due to hydrocarbon contamination) tha t nothing can be 
concluded ab-^ut i t s oxidation s tate on the basis of XPS spectrum. However 
AES spectra indicate the presence of boron oxide. 
Si 2p spectra also show small amount of Si in the film but the 
s igna l s are very feeble and inconclusive. 
The native oxide film on the surface of 2605 SC a l loy consis ts of 
a mixture of P e ( l l ) and F e ( l l l ) oxides with small amounts of B and Si 
incorporated in the f i lm. B enrichment takes place on the outermost 
surface as compared to the base a l loy and boron concentration becomes 
maximum at the alloy-oxide in te r face . 
5.2.3 Feg Co^gB Si^ (MBTGLAS 2605 CO) 
( i ) ^ S Resul t s : 
P ig . 5.8 represents AES survey and AES depth profi le which rt»ows 
Pe , Co, B, 0, C and S to be present on the surface. Pre-sputter data in 
AES prof i le recorded with 500 eV /ir ions show that iron was ca . 35 atom 
percent , cobalt was c a . 7.4 atom percent and boron was c a . 5.7 atom percent. 
The relr cively higher amount of Iron in the native oxide with respect to 
cobalt indicated that the outermost surface was depleted in cobalt or 
enriched in i ron. Alloy-oxide interface was reached in c a . 1.7 minutes 
when Pe was 63 atom percent whila oobalt was 21 atom percent showing 
thereby the enrichment of cobal t . B concentration reached maximum (10.3 
atom percent) just before the in te r face . It i s in te res t ing to note that 
boron was depleted at or jus t below the interface where co enrichment took 
p lace . The film was completely sputtered in ca . 3 minutes. 
P ig . 5.9 represents B(KLL) spectra on the outermost surface and 
af ter 1 minut* , 2 minutes and 5 minutes of spu t t e r ing . The spect ra l 
features of boron at various stages were s imilar to those described in 
sec t ion 5.2.1 and represent boron oxide i n i t i a l l y which changes to eleme-
n t a l boron as a resu l t of spu t t e r ing . 
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( i i ) XPS Resul ts : 
Fig. 5.10 represents Co 2p spectra on the outermost surface as 
well as after 1 minute, 3 minutes and 5 minutes of spu t te r ing . The Co 2p ^^  
peak has merged with Pe (l^ ^ M M ) peak because the spectra were recorded 
with llK X-rajre , In such a case Co 2p ,_ peak,which does not merge with 
Pe(L, M M ) s i gna l s , was used to infer about the oxidation s ta te of 
3 4,5 4 lb ^ 
c o b a l t . Co 2p , peak occurred at 796.5 eV with a s a t e l l i t e at ca . 802.5 eV. 
Fur ther , the Go 2pL ,^  peak before sputtering which merges with Pe(lMr^) l ines 
appeared at c a . 781.6 eV. 
Brundle et a l . / 1 1 / and Mclntyre et a l . / 12 / have reported the 
spectra of various oxides and hydroxides of coba l t . While Bfclntyre et a l . 
of Co, 
do not report 2p . spectra yferundle et a l . have mentioned Co 2p , peak 
for GoG at 796.3 eV with a s a t e l l i t e at 803.0 eV. The same authors have 
reported the film formed on cobalt in oxygen as Coo with 2p. ._ peak and 
i t s s a t e l l i t e at 796.4 eV and BCe .6 eV respect ively while that formed in 
a i r has been concluded to be a mixture of CoO and Co(CH)p with 2p z^ , peak 
at 781.3 eV, i t s s a t e l l i t e at 786.6 eV, 2p , peak at 797.1 eV and i t s 
s a t e l l i t e at 803 eV. The 2p -^  Peak for CO(CH)2 i s reported to be 781.3 eV 
with a s a t e l l i t e at 786.8 eV and 2p , peak has been reported to occur at 
797.3 w:'"th a s a t e l l i t e at 803 e'^. 
The Co 2p , peak observed by us which occurred at 796.5 eV with 
a s a t e l l i t e at ca . 802 .5 eV matches with the values reported for CoO and 
cobalt exposed to Op / 1 1 / . However,on the basis of indications of our 
2p^/„ peak at ca . 781 .6 eV, the poss ib i l i t y of CO(CH)^ formation on the 
outermost surface can not be ruled out . /;fter sputtering for 1 minute 
Co 2p ,p peak features become sharper as Co 2p ,„ and Pe L_ M M^  _ peaks 
separate out showing the par t ia l reduction of cobalt oxide. After 3 minutes 
of sput ter ing pure cobalt signals appear at 778.5 eV. 
In the work reported by V/andelt / 9 / , i t has been mentioned that 
Co oxide which has high spin configuration shows strong s a t e l l i t e intensi ty 
around 6-6.5 eV higher than main 2p l ines whereas Co oxide which has low 
spin configuration show only weak s a t e l l i t e s at c a . 10 eV above the 2p l i n e s . 
A s a t e l l i t e observed by us c a . 6 eV above Co 2p^ ,p l ine confirms the 
presence of Co( l l ) s ta te in the form of GoO-. 
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Pig. 5.11 represents the Pe 2p spectra before and af ter 
sputter ing of 1 n inute , 3 minuter and 5 minutes. Pe 2p ^ peak occurred 
at 711.0 eV with a c lear s a t e l i t o at 717.8 eV and asymmetry on the higher 
as well as lower binding energy. A shift of 4.2 eV and a s a t e l l i t e at 
c a . 6.8 eV higher binding energy than the 2p .^  peak shows the preserve of 
P e ( l l l ) oxide. However, the assymmetry in both the 2p peaks towards lower 
binding energy shows the small amount of Pe ( l l ) oxide a l s o . The s a t e l l i t e 
cha rac t e r i s t i c of Pe ( l l ) oxide at ca . 715.3 eV confirms th is be l i e f . The 
asymmetry m 2p . peak at c a . 713.7 eV i s due to Co LMM J'-uger s igna l . 
As a resu l t of sputter ing upto 1 minute, the s a t e l l i t e at about 
717.8eV vanished while tha t at 715 eV became prominent indicating thereby 
the p a r t i a l reduction of P e ( l l l ) oxide to P e ( l l ) oxide though the main 
Pe 2p , peak s t i l l showed a shif t of ca . 3.7 eV. The asymmetry at ca . 
707 eV is due to pa r t i a l reduction of iron oxide to Pe(o) s t a t e . The pure 
metal spectrum can be seen after 3 minutes and 5 minutes of sput te r ing . 
P ig . 5.12 shows 0 Is spectra before and af ter 1 and 3 minutes of 
spu t te r ing with 1KV AT ions . The main 0 1s peak occurred at 530.1 eV with 
a prominent shoulder at ca . 531.4 eV. The peak at 530.1 eV can be referred 
to as 0-M peak and repi"esents metal-oxygen bond wtoile that at 531 .4 eV can 
be referred to as 0-H peak and represents M-CH bond / 3 , 1 2 / . The peak at 
530.1 e¥ is representat ive of P e ( l l l ) oxide while ti.at at 531.4 eV could 
have ar isen as a r e s u l t of foination of some PeOOH. . The ent i re iron i s 
not in the form of PeOOH because in t h i s compound, the in tens i t i e s of O-M 
and O-H peaks are comparable / 3 , 9 / . As a resul t of sputtering 0 Is peak 
maximum shifted towards higher binding energy because of the reduction of 
P e ( l l l ) oxide to Pe(Tl) oxide. 
P ig . 5.13 shows B Is spectra before and after 1 minute, 3 minutes 
and 5 minutes of spu t te r ing . B Is peak occured at ca . 192.6 eV and shifted 
gradually as a resul t of sput ter ing towards lower binding energy showing 
the reduction of boron oxide to metallic boron. 
The n'itive oxide film on 2605 CO amorjiious a l loy consists mainly 
of P e ( l l l ) oxide with some oxyhydroxide , CoO and small amounts of boron 
oxide. The very feeble signal of Si indicated incorporation of Si also in 
the f i lm . Boron concentration reaches maximum just outside the interface 
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followed t^ y d e p l o t i o n with correstranding enrichment of Co a t t he i n t e r f a c e . 
es 
5 .2 .4 Comparison of Thickness/of Native Oxide Films on Amorphous and 
C r y s t a l l i z e d / d l o y s . 
P i g s . 5.14 - 5.16 r ep resen t M,S depth p r o f i l e s on the three 
amorphous as w e l l as on c r y s t a l l i z e d 2605, 2605 SC and 2605 CO a l l oys 
using M<M AT i o n s . Tt can be seen t h a t the f i lm on 2605 amorphous a l l o y 
was comple te ly spu t t e red i n c a . 1.5 minutes while t h a t on c r y s t a l l i a e l a l l o y 
was removed in 2 .5 minutes showing t h a t the na t ive oxide f i lm on amorjtious 
the 
a l l o y was much t h i n n e r as compared to_ /c rys ta l l i zed a l l o y specimen. Using 
the t an t a lum oxide s p u t t e r i n g r a t e as s tandard (45-A /minute at 1KV Ar i o n s ) , 
o o 
t hese f i l m s must have been c a . 6 7 . A and 112. f\ t h i c k on amorphous and 
c r y s t a l l i z e d specimens r e s p e c t i v e l y . 
Similar p a t t e r n s were observed fo r 2605 SC and 2605 CO a l l o y s . 
The f i lms on 2605 SC and 2605 CO amorphous a l l oys were spu t te red in c a . 
0 .80 minute showing the t h i c k n e s s of about %% on both the a l l oys while 
the f i lms on c r y s t a l l i z e d 26C5 SC and 2605 CO a l l o y s were s p u t t e r e d m 
c a . 2 minutes and i n c a . 1.5 minutes r e s p e c t i v e l y . The va lues sugges t f i lm 
" o 
t h i c k n e s s of c a . 90A and c e . 67.5 A on 2605 SC and 2605 CO c r y s t a l l i z e d 
a l l o y sp-'cimens r e s p e c t i v e l y . 
The s tudy shows t h a t the f i lm formed on amorphous 2605 SC and 
2605 CO a l l o y s were comparable i n th i ckness (36A ) while t h a t on 2605 
o 
amorifcous a l l o y was t h i c k e s t ( 6 7 . 5 / ) . The corresponding c r y s t a l l i z e d 
a l l o y specimens were found t o have h i g h e r , t h i c k n e s s of oxide f i lm with 
t h e f i lm on 26 05 a l l o y being t h i c k e s t and t h a t on 2605 CO a l l o y , the 
t h i n e s t . 
5 .3 OXID/TIOT^ "' IN tm /T HIGH TEMPERATURES 
The ox ida t i on behaviour of the commercial m e t a l l i c g l a s s e s in 
a i r i n the temperature range 423 - 613K was s tudied us ing the techniques 
of XPS and /^ES. The exper imenta l d e t a i l s and da ta a n a l y s i s procedure have 
been mentioned in CH/PTER I I I . Important observa t ions r e l a t i n g t o the 
surface ox ida t i on of t h e s e g l a s s e s are d i scussed below. 
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FIG. 5-14- AES DEPTH PROFILES OF NATIVE OXIDE ON Fe„„Bo„: (a) AMORPHOUS; (b) 
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5.3.1 Pe^^B^Q (iffiTGL/S 2605 
AES Results; 
The a i r oxidation in amorphous and pre-crystal l ized specimens of 
Fep^P^ was carr ied out by oxidizing them in a furnace at temperatures 
^ ^ respect ively 
483 C, 573K and 613K for 900 minutes, 300 minutes and 60 minutep/. MS 
survey spectra of the surfaces oxidised at 483 K (for 600 min.) for 
amorphous and c rys ta l l i zed specimens are given in P ig . 5.17. It can be 
seen that besides Pe , 0, and C, t race amounts of N and S are also present 
on the surface of amorphous a l l oy . The low-energy Auger spectra for these 
specimens before sputtering and that of c rys ta l l i zed specimen af ter 
sequent ia l sput ter ing are presented in Pig . 5 .18. These spectra indicate 
t h a t B is present a? oxide alongwith iron oxide on the surface. After 6 
minutes of sput ter ing on the c rys t a l l ine surface, s i g r e l of matal l ic boron 
appeared showing thereby the complete removal of oxide f i lm. The spectral 
fea tures of boron peak before and af ter sputtering are very much similar 
to those discussed in section 5 .2 .1 in de t a i l . 
The .ffiS depth prof i les of the oxide layers (at 483K, 900 min.) 
developed on 26G5 amcrphous and crys ta l l ized a l loy specimens are given in 
P ig , 5.19. The following observations can be made from these depth 
p rof i l es : 
( i ) There i s boron enrichment in the form of oxide in the i n i t i a l oxide 
layer in the amorjhous specimen (15.5 atom; percent as against 33 atom-
percent of Pe). Th© boron concentration reaches maximum (16.5 
atom percent } after c a . 1.2 minutes of s p u t t e r i n g , / i t s r e l a t ive 
concentration with respect to iron reaches maximum at the in ter face . 
Just below the in te r face , there i s boron depletion with corresponding 
Pe enrichment after about 2 minutes of sput te r ing , 
( i i ) The oxide film on the crys ta l l ized specimen though shows the presence 
of B,but enrichment on the surface i s very negligible (8.5 atom percent 
against 32.5 atom percent of Pe) . The B concentration progressively 
increases from the surface to substrate and there i s no Pe enrichment 
jus t below the in te r face . 
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( i i i ) The oxide film grown on crys ta l l ized specimen is thicker (sputtered 
in about 1 minutes) than on the amorphous specimen (sputtered in 
about 2.5 minutes) . The approximate thickness of the former i s 
0 0 
ca . 180A while that of the l a t t e r i s ca . 112A- , as calculated on 
0 
the basis of the spiittering ra te of a standard 10OOA film of TO 
/ ° 2 
(calculated sput ter ing rate = 45 A'/minute) 
The charac te r i s t i c s of the oxide films grown on the crysta l l ized 
on 
as well a_s/amorphous specimens at s t i l l higher temperatures (573K for 
300 min and 613K for 60 min) were more or l ess similar ( t i g s . 5.20 and 5.21 ) 
to those developed at 483K. For a given temperature and t ime, the oxide 
film thicknesses for the c rys ta l l i zed specimens were more than those for the 
amorphous specimens. However, in amorphous specimens the boron concent-
ra t ion in the i n i t i a l oxide film decreased at higher temperatures (7.5 atom 
percent at 573K and 5.4 atom percent at 613K) compared to the concentration 
at 483K (15-5 atom percent) . Therefore, the alloying elements seem to play 
a varying ro le in amorphous and c rys ta l l i zed specimens. In amorphous 
specimens B gets depleted jus t below the in te r face , but i t is enriched a t 
the interface whereas in c rys ta l l i zed specimens, B corcentrat ion progress-
ively increases in the oxide layer from the outermost surface to the alloy 
surface . At temperatures higher than 483K in P e ^ ^ „ amori±ious a l loy (viz . 
a t 573K and 6 1 3 K ) , there is depletion of boron on the outermost surface. 
I t is in te res t ing to note from Auger depth profi les of oxide films on 
amorphous specimens (Figs. 5.19 (a) to 5.21(a) ) that throughout the oxide 
fi lm boron enrichment i s followed by corresponding depletion of i ron . This 
behaviour i s suggestive of some s i t e competition occurring between the 
metalloid (B ) and metal (Fe ) atoms. An analogy can be drawn with s i te 
competition taking place during segregation of a component in multicomponent 
systems as suggested by Lea et a l . / 1 3 / . Therefore, during the oxidation 
process, i t i s l ike ly that s i t e competition takes place between metal atoms 
and metalloid atoms. 
5.3.2 Fe^ B,^ ^Si, ^C„ (METGL/iSS 2605 SC) 81 13 -5 3 .5 -^  
( i ) AES Resul ts : 
The r e s u l t s of the AES depth profile of the oxide films formed on 
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FIG.5-21 AES CONCENTRATION iSPTH PROFILES OF FeggBpQ OXIDIZED IN AIR AT 61 ?K 
FOR 60 MINJ (a) - AMORPHOUS, (c)- CRYSTALLIZED SPUTTERING Ar* ION 
ENERGY » 1KV. 
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t h i s alio-"- in a i r a t I83K, 573K pnd 613K using 1KV ^ ions are represented 
in Pigs . 5 .22 - 5 .2 ; . 
I t can be seen from pre-sputter data for amorphous a l loy that 
there was s l ight enrichment of boron a t 483K (5 .1 atom percent as against 
28.6 atom percent ot i ron) and th i s enrichment became more at 573K (6.3 
atom percent as against 23.7 atom percent of Fe ) . However, at 613K, the 
boron was depleted in the oxide film as observed in the case of Pe„^Bp„ 
a l loy a l s o . The bcron concentration, r e l a t i ve to Pe concentrat ion, was 
more at the interface than on the outermost surface in -the oxide layer 
developed on the amorphous specimens. The film formed on amorfhous al loy 
o 
at 483K was removed in c a . 1 .6 minutes showing a thickness of ca . 72A while 
those formed at 5 73K and 613Kwere sputtered in ca . 2 minutes showing 
o 
thicknesses of ca . 90A . Sil icon enrichment could be seen at the interface 
and th i s enrichment was more at 573K. 
The boron enrichment on the crys ta l l ized al loy specimens was 
observed at 483K and was maximum at 613K with the a l loy oxidised at 573 
not showing any enrichment ( B 7.4 atom percent, Pe 26.5 atom percent at 
atom 
483K; B 4 . ^ p e r c e n t , Pe 27.4 atom percent at 573K; B 12 atom percent and 
Fe 25.1 atom percent at 6 1 3 K ) . The film formed on crys ta l l ized 2605 SC 
o 
a l loys were about 135/ at .'|83K (sputtered in about 3 minutes) and c a . 
O . V 
270A at 57? and 613K (sputtere--' in ca . 6 minutes). C was found to be 
higher in concentration near the in te r face . 
I t can therefore be visualised that the B enrichment in the oxide 
film on amorphous a l loy was found to be maximum at 573K while tha t in crys-
t a l l i zed a l loy specimen at 61 3K. Si concentration reaches maximicn at the 
interface in amor/ TUS as well as in c rys ta l l i zed alloys while carbon con-
centra t ion i s more at the interface in amorfhous a l loy . The presence of 
Si on the oxide film formed on crys ta l l ized as well as on amorphous al loy 
specimens has been depicted in ?ig. 5.25. In t h i s a l loy, the alloying 
elements display a complex behaviour because of the presence of different, 
metalloids in an environment of metal atoms. However, the Si enrichment 
at the interface cer ta in ly contr ibutes to be t t e r oxidation res is tance of 
these a l l o y s . 
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( i i ) XPS r e s u l t s 
XPS i n v e s t i g a t i o n s of specimens oxidized a t 573K f o r 300 min 
were c a r r i e d o u t . P i g , 5.26 r e p r e s e n t s the Fe 2p and 0 I s XPS peaks for 
amorphous and c r y s t a l l i z e d specimens. The C I s peak due to hydrocarbon 
contaminat ion occu r reda t Ca 284.5 eV which i s sh i f t ed by 0.3 eV towards 
lower b inding energy from the repor ted a d v a n t i t i o u s C Is peak / 2 / a t 
284 .8 eV. Hence a l l peaks r e f e r r e d in t h i s d i s c u s s i o n have been accordingly 
s h i f t e d by 0.3eV towards the h igh binding energy s i d e . As shown in Fig .5 .26, 
Pe 2p^ /p peak fo r amorphous specimen occurred a t Ca. 711(710.7 + 0 .3 ) eV 
wi th a s a t e l l i t e peak a t ca .9^18 .3 (718.0 + 0 .3 ) eV i n d i c a t i n g t h a t i ron 
was present in Pe s t a t e . The corresponding 0 1s peak for t h i s specimen 
occurred a t 530 .0 (529.7 + 0 .3 ) e? which matches with the va lues repor ted 
f o r PepO, / 3 , 9 , 1 0 / . After 1 min of s p u t t e r i n g Pe 2p , peak s h i f t e d t o 
710.8 (710.5 f 0 . 3 ) eV wi th a reduced s a t e l l i t e peak a t ma 718.3 eV. 
While 0 I s peak was observed a t 530.1 (529.B + 0 .3) eV with reduced 
asymmetry on the h igh b .e . s i d e . According t o the above d i s c u s s i o n and 
t h a t g iven i n s e c t i o n 5 . 2 . 1 , i t can be concluded t h a t the outermost layer 
was r i c h in Pe^O wi th some adso rp t ion of water molecules as ind ica ted by 
asymmetry in 0 I s peak. The s p u t t e r i n g poss ib ly leads to a p a r t i a l 
3+ 2+ 
r e d u c t i n of Pe to Pe . However, the presence of s a t e l l i t e a t Ca.718eV 
sugges t s t h a t the major oxide s t i l l remains PepO-^. In the case of c r y s t -
a l l i z e d specimens, the a n a l y s i s again ind ica ted P e ( l l l ) oxide (Pe 2puyp 
peak a t Ca. 711 eV with a s a t e l l i t e ) on the outermost surface wi th the 
p o s s i b i l i t y of t h e presence of few Pe-CH type bonds (asymmetry i n 0 I s 
peak a t c&. 531 eV) along with metal-oxide bonds ( c a . 530.0 eV) and 
adsorbed water molecules (asymmetry at c a . 532 eV) . Pe 2p spectrum a f t e r 
s p u t t e r i n g was more c lo se to Ffc^ vO/i ^s revealed by the d isappearance of the 
3+ 
s a t e l l i t e peak. This could be due to the r e d u c t i o n of some Pe ions to 
Pe ions caused by s p u t t e r i n g . The peak showing adsorbed water molecules 
a t c a . i»32 eV before s p u t t e r i n g on these specimens was due t o chemisorpt ion 
of moisture p r i o r to the i n t r o d u c t i o n of specimens in to the vacuum chamber 
of the e l e c t r o n spec t rome te r . P i g . 5.2 7 r e p r e s e n t s Si 2p s p e c t r a for 
ox id ised c r y s t a l l i z e d and amorphous specimens. Only t r a c e s of S i are 
v i s i b l e in the f i l m . 
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The film formed on crys+.allized as well ap on amorphous 2605 SC 
al loy af ter oxidation at 573K for b h r s , therefore mainly consis ts of Fe^O . 
The chamisorption of moisture takes place more on the film forted on c rys t -
al l ized spec men, AE3 studies indicated B enrichment as/cxlAe and XPS 
s tud ies showed t races of Si also in the f i lm. 
5.3.5 Pe,„Co_B. .Si^ (METGL/S 2605 CO) 
D ( I O I 4 I 
( i ) AES Results 
/lES depth profiles of the 2605 CO amorphous as well as c r y s t a l l -
ized alloy specimens oxidised in a ir a t 423K (42 h r s ) , 483K (15 h r s ) , 
573K (5 h r s ) and 613K (l hour) are shown in F igs . 5.28 - 5 . 3 1 . The fo l lo -
wing important observations can be made from these f igures: 
( i ) There is enrichment of Co on the amorphous al loy just below the in ter -
face (28.6 atom percent as against 58.9 atom percent of Pe a t 423K) 
with the corresponding deplet ion of boron. However, there seems to 
be boron enrichment (23.4 atom percent) at or outside the interface 
(after about 1 minute of sputtering on the oxide film formed at 4 2 3 K ) . 
The trend observed at 423K on the amorjtious a l loy remains similar at 
483K, 573K and 613K. In c rys ta l l i zed specimens a l so , the above trend 
is observed at a l l the temp ra tu res with the L .ception of 573K r e s u l t s , 
where th i s trend i s not very c l e a r . 
( i i ) Outermost surface oxide formed on 2605 CO amorphous al loy at 423K is 
enriched in B and Si (7.7 and 4 atom percent respect ively) as against 
iron ("29.7 atom percent) but i s depleted in CO. The concentration 
of a l l the elements in the surface film at s t i l l higher temperatures 
gete further depleted as evidenced from F igs . 5.29 - 5 .31 . 
( i i i ) Boron and Si enrichment on the surface of c rys ta l l ized specimens is 
very high ( 18 atoms i«rcent and 10.9 atori percent respect ively 
against 18.9 atom, percent of Pe ) at 423K. '%ile boron enrichment i s 
reduced s l i g h t l y at 'j83K, Si enrichment i s reduced considerably at 
483K (l6.6 atom ix;rcent and 4 atom percent r espec t ive ly ) . /,t s t i l l 
higher temperature the concentration of alloying elements further 
decreases as in the case of araorphous a l loy . 
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( iv) As the temperature becones higher, the f i l n thickness grows on both 
anoriJaous and c rys ta l l i zed saLiples. The f i l n s formed on amorrhous 
alloy specinens at 423K, 483K, 573K and 613K were sputtered completely 
in ca . 1.8 ninutes , 2 n inutes , 3,6 ainutes and 4 ninutes showing 
thereby thicknesses of c a . 81A , 90A^  , 162A and 180A' r e s j ec t ive ly . 
On the other hand the films foraed on c rys ta l l i zed speciinens were 
sputtered in ca . 2.1 n inu tes , 3 minutes, 10 ninutes and 11 ninutes 
0 0 0 o 
showing thereby thicknesses of ca . 95A , 135A , 450A and ca . 495A 
a t 423K, 483f:, 573K and 613K: respec t ive ly . These values show higher 
thicknesses of oxide films than those on the corresponding aaorjiious 
al loy specimens. 
The main observations therefore can be euninarised as follows: 
There is B and Si enrichment in the films formed on amoriSious as well as 
c rys t a l l i zed al loy specimens, the amount of enrichment being more in the 
c rys ta l l i zed specimens. /xS the oxidation teraperatiure r i s e s , t h i s enrichment 
ge t s reduced and films become more r ich in i ron. Just outside the in terface , 
there is B enrichaent and at or below the interface Co enrichaent is there 
with corresponding depletion of boron. In anorphous a l loy , iron and cobalt 
diffusion 
signals r i se sharply while slowly in crys ta l l ized specimens indicating f a s t e i / 
of iron -•^ ""on bulk to interface in cryst'^.llized snecimens during oxidation. 
( i i ) XPS Results 
T '^ig. 5.32 represents Pe 2p and Co 2p spectra of the amorphous and 
c rys t a l l i zed specimens of 2605 CO oxidised at 573K in a i r for 5 h r s . The 
Pe 2p_ /„ peaks of the oxide forned on amorphous as well as on crysta l l ized 3/2 
specimens occurred at ca . 711 eV with s a t e l l i t e s at ca . 718 eV showing Fe 
to be present in P e ( l l l ) s t a t e . The sput ter ing on amorfhous as well as on 
c rys ta l l i zed specimens led to the disappearance of the s a t e l l i t e at ca . 
718 eV and asymmetry on lower binding energy side showing p a r t i a l decrease 
of P e ( l l l ) to P e ( l l ) which i s confirmed by feeble s a t e l l i t e s at ca . 715 eV. 
Co 2p spectra showed only t races of cobalt on the outermost surface in 
accordance with "ES depth profile observations. 
P ig . 5.33 shows 0 Is and Si 2p spectra for specimens corresponding 
to P ig . 5.32. 0 Is peaks for amorphous and c rys ta l l i zed specimens appeared 
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a t c a . 5?9.5 eV and 530.1 eV. Uie combined Pe 2p pnd 0 Is s p e c t r a on 
anorjSious as w e l l as on c r y s t a l l i z e d specimens ind ica ted the f o r n a t i o n 
of FBpO . The 0 Is peaks even a f t e r s p u t t e r i n g occurred a t c a . 530.1 eV 
the value r e p o r t e d fo r Pe„0 by /.semi e t a l . / 3 / and Mclntyre e t a l . / 1 2 / . 
Asymnetry on the h ighe r b ind ing energy s ide of 0 I s peak i n d i c a t e d adso r -
p t i o n of mois ture f ron the environment a f t e r coo l ing on both t h e spec inens . 
S i 2p s i g n a l s were ve ry f eeb le and ind ica ted on ly t r a c e amounts of Si on 
both the spec inens before and a f t e r s p u t t e r i n g . 
AES and XPS r e s u l t s tor the o x i d a t i o n s t u d i e s i n d i c a t e t h a t B and 
S i g e t enr iched i n the su r face f i l a formed as a r e s u l t of o x i d a t i o n , whi le 
Co g e t s d e p l e t e d . The sur face enrichment of B & Si dec rea se s as the temp-
e r a t u r e of ox ida t ion i s i n c r e a s e d , B c o n c e n t r a t i o n j u s t ou t s ide the i n t e r -
face g e t s maximum and then reduces at or below the i n t e r f a c e wi th corresponding 
enrichment of c o b a l t . The i ron on the surface f i lm i s present as Pe^O^. 
5.4 CORE OS ION STUDIES 
5 .4 .1 Weight Loss and Elec t rochemica l S tudies in K^SO So lu t ion (pH 4 . 0 ) 
Di rec t weight l o s s measurements were t aken on 2605, 2605 SO and 
26 05 Co '^-norphous a l l o y s in 0,5M K S^O s o l u t i o n (a'^-'usted t o pH 4 . 0 by the 
a d d i t i o n of su lphu r i c a c i d ) f o r 7 days a t room temperature ( 2 8 ° c ) . The 
weight l o s s were recorded alongwith the area of the va r ious specimens. 
The r e s u l t s showed a co r ros ion r a t e of 37.-1 odd (ng per decimete i^ per 
d a y ) f o r 2605, 11 .7 odd f o r 2605 SC and 9.5 ndd f o r 2605 CO a l l o y i s most 
r e s i s t a n t to c o r r o s i o n followed by 2605 SO and 2605 a l l o y . 
P o t e n t i o s t a t i c p o l a r i z a t i o n s t u d i e s were c a r r i e d out by exposing 
t h e s e a l l o y s in the above s t a t e d medium. A t h ree e l e c t r o d e assembly was 
used c o n s i s t i n g of a s a t u r a t e d calomel e l e c t r o d e ( S C E ) as re ference e l e c -
t r o d e , a platinum e l e c t r o d e as counter e l e c t r o d e and the a l l o y s under 
i n v e s t i g a t i o n as working e l e c t r o d e s . The open c i r c u i t p o t e n t i a l s of t he se 
a l l o y s were allowed to s t a b i l i z e for about 1 hour and t h e n were r eco rded . 
The anodic and ca thodic p o l a r i z a t i o n were then c a r r i e d out by s tepping up 
the p o t e n t i a l s in. the s t e p s of 2 0rav and by record ing the r e s u l t i n g c u r r e n t s 
a f t e r 5 minutes of each inc rement . P i g . 5.34 shows the p o l a r i z a t i o n curves 
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for a l l ^he three a l l oys . I t ca- be seen that the open c i r c u i t potentials 
of the 2605, 2605 SC and 2605 CC alloys were - 710 cV/SCE, - 715 nN/SC'E 
and -635 nV/SCE. This shows that the open c i r cu i t potent ia l of 2605 al loy 
was most noble among a l l the three alloys . 
The cathodic polarizat ion curves for a l l the alloys exhibited 
cathodlc currents of the sane order while anodic polarizat ion showed 
conparable currents for 2605 and 2605 SC alloys and s ignif icant ly lesser 
cur ren ts for 2605 CO a l loy . 
The noble value of open c i r cu i t potent ia l as well as low anodic 
currents for 2605 CO a l loy explain the low corrosion ra te of t h i s mater ial . 
However, e lectrocheaical s tudies do not give any clues toward low corrosion 
ra te of 2605 SC al loy as compared to 2605 a l l oy . No passivi ty was observed 
on any amorjiious alloys s tudied . 
5.4-.2 /J:S and XPS studies on Corrosion Pi lns Formed in K_SO Solution 
of pH 4-0-
(a) FCQ^B^Q Alloy (METGL/S 2605) 
/tSS Studies: 
Fig . 5.35 represents AES survey and low energy high resolu t ion 
spect ra before and af ter depth profi l ing with 1KV Ar ions for 97 minutes. 
of the al loy exposed in 0.5 11 Iv.SO solut ion (adjusted to jil 4.0 by the 
•^ 4 
addit ion of HgSO^  ) for 7 days at roon tenperature . The survey indicates 
a very high carbon peak as a resu l t of hydrocarbon contamination which 
vanished after depth prof i l ing . Mo significant signal from boron was 
observed in the i n i t i a l oxide layer but a peak at ca . 179 eV emerged after 
the oxide f i l n was removed (as evidenced by disappearance of oxygen peak) 
represent ing thereby the composition of base a l loy . 
Valence band iron peaks appeared at c a . 42 eV and c a . 51 eV with 
a sulphur peak at c a . 149-5 eV which could have arisen as a r e su l t of 
contamination from atmosphere or could be due to exposure to potassium 
sulphate so lu t ion , /tfter sput te r ing , only a single peak of iron was seen 
a t 46.5 eV while q boron peak emerged at c a . 179 eV. The two iron peaks 
before sput ter ing at ca . 42 eV and at ca . 51 eV indicate that iron is in 
the t r i va l en t s ta te in the film / 1 4 , 1 5 / . The peak at c a . 46.5 eV recorded 
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af ter de-'th profile is t yp ica l ly indicative of Fe(o) s t a t e . E r t l and 
Wandelt / 8 / have suggested tha t the peak at c a . 43-44 eV corresponds to 
the cross /uger t rans i t ions between VL level of iron and 2p level of 
oxygen, whereas the 51.5 eV peak corresponds to the cross-Auger t rans i t ion 
between IIL and 3d levels of i ron . The peak a t 179 eV a f te r depth 
profi l ing i s representat ive of boron in t h i s a l l oy . 
Pig . 5.36 represents the AES depth profile of the elements Pe , 
B, 0 and S as a function of sputter time with 1KV Ar"*'ions. It can be seen 
that the oxide f i l n was completely renoved in ca . 90 n inu tes . Boron 
concentrat ion in the f i l n which i n i t i a l l y was only c a . 10 aton percenl^ as 
compared to iron of c a . 36 aton percent showed an increasing trend af ter 
c a . 60 minutes of spu t t e r ing . Using the sputtering ra te of tantalun oxide 
o 
film as standard (45A /ninute at IKV), the f i l n on t h i s a l loy after exposure 
o 
should have been more than 4000A th i ck . 
These r e su l t s show that outerm.OBt surface fi^ '-'n nainly consisted of 
P e ( l l l ) oxide with small amount of boron oxide comparable in composition 
with the r a t i o of iron to boron in the base a l l oy , 
(b) Fe^.B,, ^Si , C (METGLAS 2605 SC): 
( i ) i\ES Resul ts : 
P ig . 5.37 represents AES survey and low e^^ergy high resolut ion 
AES spectra before and af ter depth profi l ing of 20 minutes with IKV Ar ions . 
The main elements present on the surface were Pe, 0, C and S. The carbon 
peak almost disappeared but peaks for B and Si appeared at ca . 179 eV and 
at ca. 90 eV respect ive ly after prof i l ing . The residual carbon peak af ter 
depth prof i l ing i s representat ive of carbon present in the a l l oy . 
The low energy peaks for iron were observed a t ca . 42-45 eV and 
a t c a . 51.5 eV. Mte r prof i l ing , these two peaks disappeared and a single 
peak emerged at c a . 46.5 eV. As discussed e a r l i e r , the peaks at 42-45 eV 
and at 51.5 eV before profi l ing represent P e ( l l l ) s ta te and at 46.5 eV 
a f t e r profil ing represents IPeio) s t a t e . The peaks at ca . 91-5 eV and 
179 eV after profi l ing are indicative of s i l i con and boron in the base 
a l l o y due to removal of oxide f i lm. 
P ig . 5-38 represents AES depth profile using IKV Ar ions . It can 
be seen that the film was removed in ca . 4 minutes indicat ing thereby a 
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thickness of c a . 180A . Pre-sputter data showed about 8 aton percent boron 
and 22 aton percent iron indicat ing enrichment of boron in the f i lm. 
( i i ) XPS Results: 
F ig . 5.39 represents C Is and Fe 2p spectra before and after 
sputter ing with 4KV kc ions for 1 ninute . The G Is peak at 284.7 eV before 
sput ter ing indicates that there was no surface charging. The asynmetry 
af ter sput ter ing (v iz . at 284.5 eV and 285.0 eV) could be a t t r ibuted to 
two different types of carbon bound to two different elements in the 2605 SC 
a l l o y . Pe 2-p^,^ peak appeared at ca. 711 eV showing a shif t of 4.2 eV with 
respect to the iron neta l peak (at ca . 706.8 eV / 3 / ) . / s a t e l l i t e can be 
seen at c a . 718 e¥. 
Though Ifclntyre et a l . / 1 6 / have reported Pe 2p ,„ peak naximun 
for o( -Fe^O and Y-PegO at 711.0+0.15 eV with the peak forP^-Pe2 0 
showing nu l t i p l e t s p l i t t i n g , the nature of our spectrum i s such that even 
if there i s a mult iplet s p l i t t i n g , i t cannot be c l ea r ly v i su la i sed . 
Allen et a l . / 1 7 / have reported Pe 2p , peaks for ^ "^^2^3 ^^^ n^-PeOCH 
to occur at 711.4 eV and 711.0 eV respect ively while Asani et a l . / 3 / 
reported Pe 2p .^  peak for b( -PSgO at 710.97 e¥, for o^ -PeOCH at 711 .44eV 
and for y -PeOGH at 711.6 eV. 
On the basis of above iliscussion and that in section 5 . 2 . 1 , oxide 
cannot b.- pinpointed precisely on the basis of Pe 2p spectrum alone, however, 
i t can be concluded that iron i s in P e ( l l l ) s t a te in the fi lm. The peak 
maximum after sputter ing oecorred a t 710.5 eV with a shoulder at lower binding 
energy and the s a t e l l i t e disappeared showing p a r t i a l reduction of P e ( l l l ) 
s t a t e to P e ( l l ) s t a t e . 
P ig . 5.40 represents the 0 Is spectra before and after sput ter ing. 
There are two c lear ly v i s i b l e peaks at 529-9eV and at ca . 531 •5 with a 
shoulder at 530.5 eV. The peaks at 529.9 eV and 530.5 eV could be a t t r i -
buted to metal-oxygen bond (O-M peak) and that at 531-5 eV could be 
a t t r ibu ted to metal-hydroxide bond (O-H peak) /3»9 ,10 ,15 / . The comparable 
i n t e n s i t i e s of O-M and O-H peaks represent the iron to be present as PeOOH. 
The shoulder at c a . 532 eV appears due to adsorption of water molecules. 
As a r e s u l t of sputtering O-M peak becorjgs stronger than the O-H peak 
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showing thereby the p a r t i a l clevage of netal-hydroxide bond but the surface 
corDound s t i l l re'^ains FeC"H. 
According to Allen et a l . / 1 7 / , the presence of aeymiaetric 
hydrogen bridging in o(^ -PeOCH leads to the oxide l ike and hydroxide like 
oxygen atons but i t i s not possible to regard e i ther form as d i s c r e t e , 
v i z . Pe-0-H-O-Pe. Since the authors report the poss ib i l i t y of formation 
of similar s t ructure on most of the iron oxide systems following chemiso-
r p t i o n of water, formation of the structure Pe-0-H-O-Pe i s possible on the 
a l l o y exposed to K^ SO solu t ion . 
There were no d i s t i nc t signals from boron on the surface of the 
exposed a l loy e i ther before or after spu t te r ing . Feeble s ignals of Si 
were observed on the surface both before and af ter sputtering between 
100 eV and 102,5 eV binding energy (Pig. 5 .40) , but i t is not possible to 
conclude about the oxidation s ta te of Si from these spect ra . 
Prom AES as well as from y^S s tud ies , i t can be concluded that 
the corrosion film formed on 2605 SC a l loy consisted mainly of PeOCH and 
boron oxide, and the amount of boron oxide was more when compared to the 
amount of boron in the a l loy showing thereby the enrichment. Traces of 
s i l i c o n were present in the f i lm, 
(c) Pe Co B Si^ (f/ETGLAS 2605 CO) 
( i ) AES Resuns : 
Pig, 5-4-1 represents the AES survey and low energy high resolution 
spect ra before and af ter depth profi l ing for 20 minutes with 1KV Ar ions . 
The main elements present on the surface were Pe , C, 0, Co and S. The 
sulf^ur and carbon peaks disappeared after depth profi l ing but boron peak 
appeared at ca . 179 eV showing elemental boron. The sulphur peak as 
explained e a r l i e r , could be e i ther due to contamination or due to exposure 
in potassium sulphate solut ion. The ra t io of Go(780) to Pe (703) peak 
which was 0.64 before sputtering reduced to 0.38 after depth profi l ing 
showing that the content of cobalt in the surface film was much more than 
t ha t in the 2605 CO a l l o y . In other words, enrichment of cobalt takes 
place in the surface film as a r e s u l t of exposure . 
Thi low energy high resolut ion spectra showed two peaks at ca . 
46 eV and at ca . 51-5 eV, indicat ing iron to be in F e ( l l l ) s t a t e . 
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The peak at ca. 46 eV increased in height while that at 51 .5 eV decreased 
considerably as a r e su l t of depth profi l ing showing reduction of P e ( l l l ) 
s ta te to P e ( l l ) and Pe(o) s t a t e / 1 3 , 1 4 / . 
Pig- 5-42 represents ABS depth profile with 1KV Ir'^'ions. The 
oxide film was conpletely removed in about 8 minutes showing that the film 
o 
foroed was thinner (ca. 3eCh\ ) than that forned on 2605 al loy but was 
th icker than 26 05 SC a l loy . The cobalt enrichment on the outermost surface 
i s ver i f ied by pre-sputter data (24 atom percent) . Boron in the film 
(7.7 atom percent) with respect to iron (26.5 atom percent) i s in similar 
r a t i o as in the a l l o y . The s l igh t reduction in cobalt concentration 
on sputter ing could be due to difference in sputter ing yields of Pe and Co. 
( i i ) XPS Results : 
C Is peak was observed at 284.5 eV (not shown), therefore the 
peak posit ions discussed in th i s section have been assumed to be shifted 
by 0.3 eV to the higher binding energy side in figures and have been 
described af ter cor rec t ion . 
Pig. 5.43 represents the Co 2p and Pe 2p spectra before and 
a f t e r spu t te r ing . Co 2p . peak occurred a t c a . 781.3 eV with asymmetry 
around 780 eV and a s a t e l l i t e at c a . 787 eV. The peak at 781.3 eV appears 
due to C:(CH)2 / 1 1 , 1 2 / . Ifclntyre et a l /^2/ reported the Co 2p, -g P^^k 
for CoO at 780.0 eV, for C0j,0 at 779.9 eV, for CoOCH at 780.0 eV, for 
CO(CH)2 a t 781.0 eV and for Co PegO at 779.9 eV. Brundle et a l . / I i / 
reported Co 2p ^^  P^^^ fo^ metal at 778.2 eV, for Co(Ch)2 at 781.3 eV, 
for Coo at 780-5 eV and for Co,0 at 77?-6 eV. On the basis of the above 
reported Tallies . , i t can be seen that cobalt in the corrosion film i s 
been 
mainly in the form of CO(CH)2 which might hav^ /par t i a l ly converted to 
CoOCH thus giving asymmetry at c a . 780 eV. However, the poss ib i l i ty of- this 
asymmetry due to CoO cannot be ruled out . Brundle et a l . / I I / have 
reported that the film forned on cobalt due to exposure in a ir contained 
mainly Co(CH)p and our observation i s , therefore , consistent with their 
observation. The spect ra l features remained similar but sharpened as a 
r e s u l t of spu t t e r ing . 
P ig . 5.43(b) shows the Pe 2p spec t ra . The Fe 2p . peak appeared 
a t ca . 711 .2 eV with a s a t e l l i t e at ca . 718 eV. The shif t of ca . 4.4 eV 
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and a s a t e l l i t e a t ca . 7.2 eV higher binding energy indicates iron to be 
in P e ( l l l ) s t a t e . After sput te r ing , the peak remained alnost at same 
posi t ion but the s a t e l l i t e at ca . 718 eV vanished and asymmetry at lower 
binding energy in the Pe 2p_ ,„ peak developed showing pa r t i a l reduction 
of P e ( l l l ) s t a te to Pe ( l l ) s t a t e . 
Pig. 5.44 represents the 0 Is spectra before and af ter sputter ing 
for 1 minute with 4KV Ar ions . The 0 1s peak had exactly similar features 
as obtained in case of 2605 SC a l loy with peaks at c a . 530.5 eV (with a 
shoulder at c a . 529.6 eV) and 531.5 eV (with a shoulder at c a . 533 eV). 
The peak at 529-6 eV corresponds to Co-0 bond, at 550.5 eV corresponds to 
Pe-0 bond, at 531 .5 eV corresponds to e i ther Co-CH or Pe-CH bond and 
shoulder at ca . 533 corresponds to adsorption of moisture on the surface . 
The sput ter ing led to the reduction in M-CH peak and increase in W^O peaks 
showing thereby cletvage of some M-CH bonds . 
The surface film formed on 2605 CO a l loy in K^ SO solut ion seems 
to be a niJtture of PeOCH, Co(ce)p and CoO/CoOCH . Small amount of boron 
could be seen from pre-sputter data in AES p r o f i l e . Silicon content in 
the film was found to be neg l ig ib le . 
The corrosion ra te of 2605 Co a l loy was the lowest (9.5 mdd) 
and of 2605 al loy was the highest 37.1 mdd. The corrosion ra te of 2605 SC 
al loy was s l i ^ t l y more than th^^ of 2605 CO a l loy . 
Ttie low corrosion rate of 2605 GO al loy could be ascribed to the 
composite film of PeOOH , Co(ce)2 with small amount of boron oxide, thus 
providing passivi ty against corrosion. The protection to 26C5 SC al loy 
i s provided by again PeOOH and boron oxide and t races of s i l i con oxide. 
Enrichment of boron in the surface film increases protect ion, while 2605 
amorphous al loy undergoes high corrosion because protective film is not 
developed on the surface. 
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5.5 GENERAL DISCUSSION 
The a n a l y s i s of na t ive oxide f i lm on i r o n based m e t a l l i c g l a s s e s 
(PeQ^2o» -^^81^1 3 5 ^ S 5^2 ^^ •^®67^°18'^U^^1 ^ ^^^ shown t h a t the metal lo id 
B i s present on the surface of the oxide l ayer as boron oxide and the 
c o n c e n t r a t i o n of B i s more a t and near the f i l m - a l l o y i n t e r f a c e . This 
o b s e r v a t i o n i s c o n s i s t e n t with those repor ted i n l i t e r a t u r e / 1 8 - 2 1 / . I t i s 
i n t e r e s t i n g t o note from F i g s . 5.14 - 5.16 t h a t the t h i cknes se s of the 
n a t i v e oxide f i lms on Fe^ fio. B, Si (2605 Co) and Fe„ B , , ^ S i , ^G^ (2605 SC) 
a re comparable whereas the oxide f i l m on Fe J3p (2605) i s t h i c k e r . I t has 
been suggested by many i n v e s t i g a t o r s / e . g . 19-20/ t h a t boron, forms a 
p r o t e c t i v e oxide l aye r more e a s i l y on the m e t a l l i c g l a s s , t he r eby decreasing 
the o x i d a t i o n of i r o n . 
Of the th ree g l a s s e s considered i n "these inves t i g a t b n s , 2605 SC 
con ta ins minimum t h i c k n e s s a t room temperature as w e l l a s / a r e s u l t of oxid-
a t i o n a t h i g h e r t empera tu res showing t he r eby the bes t ox ida t i on r e s i s t a n c e . 
I t would be i n t e r e s t i n g t o note t h a t the n a t i v e oxide f i lms formed on 
2605 SC and 2605 CO a l l o y were almost i d e n t i c a l i n t h i c k n e s s but oxida t ion 
a t h igher t empera tu res revea led lowest t h i c k n e s s e s for 2605 SC amorfhous 
a l l o y followed by 2605 and 26 05 CO r e s p e c t i v e l y . The supe r io r ox ida t ion 
r e s i s t a r o e of 2605 SC a l l o y could be a s c r i b e d t o boron enrichment alongwith 
s i l i c o n and carbon on the s u r f a c e . The n a t i v e oxide f i lms in o ther two 
cases were depleted in B o'^  the outermost sur face and had h ighe r t h i c k n e s s e s . 
Boron c o n c e n t r a t i o n in each a l l o y reached maximum a t the i n t e r f a c e . S i m i l a r l y 
the b e t t e r high temperature ox ida t ion r e s i s t a n c e of 2605 compared t o 2605 CO 
amorphous a l l o y aga in could be f^scribed t o boron enrichment on the outermost 
s u r f a c e . 
I t +' -^refore fol lows tha t a d d i t i o n of c o b a l t i n the amorphous a l l o y 
does not h e l p in improving the high tempera ture o x i d a t i o n r e s i s t a n c e . The 
dec rease in boron conten t of t h e f i l m with increase i n temperature could 
probably be r e s p o n s i b l e f o r the h i ^ e r th icknesses ,Karve e t a l , / 2 0 / have 
suggested t h a t the o x i d a t i o n of boron prevents f u r t h e r ox ida t ion of m e t a l l i c 
e l e m e n t s , and t h i s i s i n agreement wi th our o b s e r v a t i o n s . Sen e t a l . / 1 9 / 
have suggested t h a t t h e oxygen ions move i n t o t h e b u l k , d i sp l ac ing the metal 
t o the surface by place exchange due /on image force being s e t up ac ross the 
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oxide f i lm. Place exchange becomes d i f f i cu l t af ter the formation of mono-
layer of the oxide when oxidation at the surface i s favoured . If t h i s 
monolayer i n i t i a l l y formed i s r ich in boron, further oxidation of other 
elements gets suppressed. All the depth profi les on amorjiious al loys show 
higher concentration of boron jus t above the in ter face . The addit ional 
res is tance to oxidation in case of 26C5 SC a l loy i s provided by Si and C 
in the f i lm, while the CoO formed in case of 2605 CO al loy a t or below the 
interface is known to be a defective oxide and allows the diffusion of 
Pe '*"/Pe outside and tha t of 0 ~ inside the fi lm. The inward diffusion 
2 -
of 0 and outward diffusion of metal i-.ns has also been proposed by 
Hunderi e t a l . / 2 2 / . It i s worth noticing tha t the oxide films formsd as 
a resu l t of high temperature €iKidation were thicksr in case of crys ta l l ized 
specimens than in the corresponding amorjiious specimens. Ihis possibly 
could be due to the fas ter inward diffusion of oxygen in the crys ta l l ized 
specimen / 2 1 / . 
Observations on the weightless data show that the errosion r e s i s -
tance propert ies of these a l loys in aqueous medium are quite different from 
those of oxidation res is tance at high temperatures. In 0.5 M ICSO , adjusted 
to a pH of 4.0 by the addit ion of HpSO. , the best corrosion resistance was 
observed for 2605 CO a l loy followed by 2605 SC. The corrosion rate of 2605 
amorphous a l loy was very high a.- c cmpared to the o ..ner two a l l o y s . The 
presence of Co in the a l loy 2605 CO i s responsible for i t s be t te r corrosion 
r e s i s t a n c e . It has been observed by K. Hashimoto / 2 3 / that the amorphous 
Peg^B disolves in the acidic solutions accompanied by preferent ia l d i s -
solut ion of boron while i t i s passivated forming a borate enriched film by 
anodic polar izat ion. The present study however indicates tha t no passivi ty 
i s observed in 0.5 M K^ SO of pH 4.0 but the film formed af ter 7 days of 
exposiire i s s l igh t ly r i ch in boron as compared to the base a l loy . This obs-
ervat ion is also contradictory to tha t made by Kapusta et a l / 2 4 / who have 
observed passivi ty on Peg^B^^ al loy in acidic sulphate so lu t ion . However, 
t he i r solution contained additional ingradients l ike ace t a t e , phosphate, 
t a r t a r a t e or borate buffer . 
The be t t e r corrossion resis tance of 2605 SC al loy could be a t t r i -
buted to Si and / in the a l loy as the beneficial effect of the metalloids in 
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improvint_, the corrosion resistat .ee of amorphous a l l j y s has been reported 
/ 2 4 / to decrease in the order P, G, Si and B. Naturally, the alloy 2605 SC 
whl»h has the metalloids B, Si and C i s expected to show bet te r corrosion 
res is tance than Feo_Bp_^ amorphous a l l oy . Further, XPS invest igat ions of 
the oxide film of t h i s glass showed the presence of PeOCH on the surface 
which also provides i t a be t te r corrosion r e s i s t ance . 
The 2605 CO a l l o y , which contains B and Si both, contains another 
t r a n s i t i o n metal element Co in the a l l o y . The t r ans i t i on metals are known 
to possess vacant 3d o rb i t a l s by v i r tue of wtiich they show passivi ty by 
forming oxyhydroxide species in aqueous media. The film formed on t h i s 
glass consisted of PeOOH and CO(CH)2 and was enriched in Co on the surface 
as evidenced by XPS inves t iga t ions . It was mentioned by Hashimoto et a l . 
/ 2 5 / tha t noble metals added to amoriiious a l loys decrease the anodic 
a c t i v i t y of al loys and hence increases the corrosion r e s i s t ance . During 
imnETsion or anodic polarizat ions these elements remain se lec t ive ly without 
dissolving and are concentrated in the a l l oy surface immediately under the 
surface f i lm. The decrease In the anodic a3t ivi ty of a l l o y (^ c^Ct^ e enrichment 
of noble metals further decreases the dissolut ion ra te and f a c i l i t a t e s the 
formation of protective films of PeOCH, CoOCH / CO(OH) as revealed by the 
XPS analysis during our invest igat ions on 2605 CO •~lloy. I t i s noteworthy 
that the a l l oy 2605 CO has been found to be more corrosion r e s i s t an t than 
2605 SC in aqueous ammonium ni t ra te solut ion / 2 6 / . Further , the presence 
of metalloids provide added resis tance to corrosion as mentioned e a r l i e r . 
I t is c lear from "fee above discussion t ha t the cons t i tuents of an 
amorphous a l loy, especia l ly the metals more noble than the main metall ic 
component of the amorphous iron-metalloid al loys and the metalloids play 
an important ro le in improving the oxidation and corrosion res is tance of 
amorphous a l l o y s . Brief ly, the superior oxidation and corrosion resis tance 
of amorphous al loys could be due to the role played by the alloying additions 
in the film formation, the absence of s t ruc tura l imperfections as normally 
found in c rys ta l l ine sol ids and the homogeneous natxjre of 1he oxide film 
formed. However, i t is d i f f i cu l t t o separate out the contribution of 
individual factor in improving the corrosion res is tance . 
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smmmx 
This thes i s describes some investigations on diffusion and 
oxidation behaviours of a few iron based and zirconium based metallic 
g l a s s e s . 
Metallic glasses have emerged as a new class of materials which 
have drawn the a t tent ion of research s c i en t i s t s because of t he i r amorphous 
nature and many a t t rac t ive proper t ies . CHAPTER I of t h i s d i s se r t a t ion 
gives a brief overview of the nature and properties of metallic g lasses . 
of 
Not many invest igat ions on diffusion in and oxidatio_n/these materials 
have been reported to date in the l i t e r a t u r e , hence the present study 
was undertaken. 
CHAPTER II presents an extensive l i t e ra tu re survey on diffusion 
and oxidation studies carr ied out in metal l ic g lasses . The diffusion of 
Au, Sb , Pb , Cu, Al, Bi , Pe and Ni was studied in binary metal-metalloid 
(Peg^B^Q, Peg^20^ ^"^ metal-metal (Zr Ni , x= 33, 55 and 39 at "fa) 
g l a s s e s . These studies were carried out on three different s t ruc tura l 
s t a t e s of the a l loy specimens, namely, as-quenched (Q' ), relaxed (R) and 
c rys t a l l i zed ( c ) . In the begining of CHi^ PTER I I I , the specimen preparation 
methods for diffusion studies hr^ ve been described. The major problem 
pertain, ng to diffusion studies in metall ic glasses i s re la ted to the i r 
inc ip ient c r y s t a l l i z a t i o n during annealing. Hence, the annealing time 
and temperature are limited and permissible values of these parameters 
o 
lead to small diffusion distances -"-^ a few hundreds of A. Diffusion 
s tudies in metallic glasses thus necessi ta tes the use of experimental 
o 
techniques with good depth resolut ion ( typical ly "NJ2OOA). In the present 
work,diffusion measurements were carried out by using the techniques of 
Rutherford backscattering spectrometry (RBS) and Auger Electron Spectro-
scopy ( A E S ) . The basic principles nf these techniques are described in 
CHAPTER I I I . The diffusion studies were carried out by depositing a 
th in f i lm (100-2CX)0A) of the diffusing species by the vacuum evaporation 
technique and determining the compositional depth profi les before and 
af te r diffusion anrealing treatment by the above mentioned techniques. 
The values of the diffusion coeff icients were evaliiated by using the 
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thick film solut ion of the diffusion equation whereever applicable and by-
solving i t numerically in other cases . The procedure for data analysis i s 
described in d e t a i l in GHAFPER I I I . The caE:idation studies were carried out 
on three commercial iron-based metall ic glasses - Fe -B , Pe B . , ^.Si C 
and Pej-„Co^ B^  Si^ . Oxidation in air atmosjiiere a t room temperature 
(native oilde ) as well as at high temperatures (a i r oxidation) and in an 
aqueous medium, containing 0.5 M ^SO adjusted to a lil 4.0 by the addition 
of HpSO. , was inves t iga ted . The oxide films formed were analysed by X-ray 
photoelectron spectroscopy (XPS) and AES. The basic principles of XPS 
and data analysis procedure are described in the end of CHAETER I I I . 
In the beginning of CHAITER IV the method of evaluating D has been 
i l l u s t r a t e d in a few typ ica l cases . The r e su l t s are l a t e r tabulated in 
the same chapter . Important features observed in each case have also been 
ind ica ted . The las t sec t ion of t h i s chapter i s devoted to a discussion on 
these r e s u l t s . Some of the main points pertaining to the diffusion studies 
could be summarized as follows: 
( i ) An er ror of rsj +30fo in D was estimated in our measurements. The 
e r ro rs in the frequency fac tor , DQ , and the act ivat ion energy, Q, 
were calculated on the basis of l inear regression ana lys i s . 
( i i ) The j^ u diffusion measurements were made by usl^ Tg RBS as well as AES 
and the two se t s of r e s u l t s showed a reasonably good agreement. 
( i i i ) The D values obtained compared f a i r l y well with those reported in 
l i t e r a t u r e . 
( iv) A comparison of the measured D values with the extrapolated values 
for self and impurity diffusion in c rys ta l l ine so l ids indicated 
tha t the former are generally higher than the l a t t e r by a few 
orders of magnitude , 
(v) The s t ruc tu ra l re laxat ion treatment was found to have an insignif icant 
effect on d i f fus iv i ty va lues . Diffusion in pre-crysta l l ized specimens 
was fas te r as compared with that in amorphous specimens in some i n s t -
ances . However, the opposite trend was also noticed in some cases . 
(v i ) A reasonably good agreement was found between the d i f fus iv i ty values 
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obtnined in t h i s work and those reported in l i t e r a t u r e on the basis 
of c rys ta l growth da t a . 
( v i i ) The temperature dependence of the D Talues could be daecribed s a t i s -
f ac to r i l y by the /jrrhenius law. 
( v i i i ) A cor re la t ion of diffusion data with other paracKters suggested 
that the value of D decreases with increasing atomic size of the 
diffusing species . The quantity Q/^^ was found to be constant 
(within jf15^) at 12.28. ^ 
( ix ) The possible mechanism of diffusion involves cooperative movement 
of atoms. 
CHAPTER V deals with the presentation and the in te rpre ta t ion of 
r e s u l t s of the oxidation and corrosion studies on iron-based commercial 
metall ic glasses carried out in atmosphere and in an aqueous medium. 
XPS and AES analysis indicated the follcwimg: 
( i ) Native oxide analysis revealed that iron was present in both Pe 
and Pe s t a tes on the outermost surface . The boron enrichment in 
the form of boron oxide was found at and near the in te r face . In 
case of cobalt containing glass (Pe, Co B .Si^ ) , Co was l ike ly 
to be present at and near the interface as CoO 
( i i ) The a i r oxidation studies carr ied out in the temperature range 
423-613K showed the enrichment of the metalloids B and Si as the i r 
respective oxides in a l l cases . In f a c t , the r e l a t ive concentration 
of B in the oxide film showed a decrease at higher temperatures 
( ) > 4 8 3 K ) . Amongst a l l the g lasses , Feg^B^- Si C^ (26 05 SC) glass 
had the thinnest oxide film and therefore a superior oxidation 
r e s i s t ance . It was observed that the oxide film formed was thinner 
on amorphous specimens than on the corresponding c rys ta l l i zed 
specimens. The thickness of the oxide film on 2605 CO glass in 
atmosphere at room temperature was comparable to that formed on 
2605 SC . Hov/ever, at h i ^ e r temperatures, t h i s al loy had the highest 
film th ickness . XPS analysis of oxide film formed at 573 K, 300 min 
indicated the formation of Fe^O^ on the surface. 
2 3 
( i i i ) The corrosion studies in 0.5 M KpSO solut ion adjusted to pH 4-0 by-
addition of HgSO showed that the glass Pe, Co B. Si displayed 
superior corrosion res is tance in t h i s medium as compared to other 
metallic g lasses , namely, Peo_B„- and Pe^.B. , ^Si_ ^C„ . This was 
80< i0 8 1 1 3 o 3 . 5 ^ 
at t r ibuted to the formation of Co (CH)„ in addition to PeOCH and 
Per,0_ in the oxide f i lm. The maximum corrosion ra te was found for 
the case of Pe„3„_ on the basis of weight loss measurements. 
oO i- 0 
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APPENDIX I 
PROGRAM PROFILE 
IMPLICIT REAL*8(A-H.0-Z) 
REAL*8 NH.NI 
CHARACTFR*1Z FNAME 
DIMENSION COUNTS(500),CONC(500),BIM{500).XINF(40),CON(500). 
1 OLD(500).DEPTH(500).XCONC(500).CNTS(500).PPH(500).TIME(500) 
COMMON/SUB 1/ TS.XBDT(500) .XD( 500 ) . YERROOO) 
C0MM0N/SUB2/FACT.BIH.BII,NI,NH,NSUB 
LOGICAL KEY 
DATA IY1,IY2/'Y*, "y*/ 
PRINT *. "GIVE FILE NAME FOR INPUT' 
PRINT 9876 
READ *, FNAME 
OPEN(8,FILE = FNAME.ACCESS='SEQUENTIAL' ) 
PRINT •. 'GIVE FILE NAME FOR OUTPUT' 
PRINT 9876 
READ * . FNAME 
9878 FORMATdX. / ) 
OPEN(9.FILE=FNAME.ACCESS="PRINT') 
PRINT *. 'TYPE <T> FOR AES AND <F> FOR RBS" 
PRINT 9876 
READ 2000,KEY 
2000 FORMAT(LI) 
READ(8.1) (XINF(I),1=1,40) 
C 
C THIS PROGRAM CALCULATES DEPTH PROFILE OF RBS OR AES DATA 
C 
IF(KEY)THEN 
READ(e,1090)N 
1090 F0RMAT(I5) 
READ(8,*)PPHMX,PPHMN.SPRATE.STEP.TIM,DELT 
C 
C PPH IS PEAK-TO-PEAK HEIGHT OF AUGER SIGNAL 
C PPHMX IS MAXIMUM PEAK-TO-PEAK HEIGHT IN PURE FILM REGION. 
C PPHMN IS MINIMUM PEAK-TO-PEAK HEIGHT AWAY FROM INTERFACE. 
C SPRATE IS THE SPUTTERING RATE. 
C TIM DENOTES TOTAL SPUTTER TIME. 
C DELT DENOTES TIME INTERVAL BETWEEN TWO CONSECUTIVE POINTS 
C 
TIME(1)=TIM 
DO 2041 1=1.N-1 
2041 TIME(I+1)=TIME(I)-DELT 
REA0(8.2042)(PPH(I),I=1,N) 
2042 FORMAT(F10.3) 
DO 1093 1=1,N 
CONC(I)=((PPH(I)-PPHMN)/(PPHMX-PPHMN))*100. 
1093 OEPTH(r)=TrME(I)*SPRATE 
ELSE 
READ(8.3) NCI.NC2.NS,NBACK1,NBACK2.NSUB 
195 
READ(8. 2) NH.NI.SIH,SII,FACT,CH.STEP.EZ.TH1.TH2,CN0RM 
BIH = 1./SIH 
BII = 1./SII 
C 
C NCI = starting channel number. ^ 
C NC2 : final channel number. 
C NS = channel number for the impurity surface. 
C NBACK1 = background counts at channel no. NCI. 
C NBACK2 = background counts at channel no. NC2. 
C NSUB = substrate height. 
C NH - Host atomic density in 1E22 at./cc. 
C NI > Bulfc impurity density in 1E22 at./cc. 
C SIH.SII = S-factors in Angstroms/KeV. 
C FACT = Factor for conversion to concentration in 1E20 at./cc. 
C CH = channel width in KeV 
C STEP = regular depth step in Angstroms for which profile is 
C required. 
C EZ = Incident Energy in KeV. 
C TH1 = Angle of incidence from surface normal (in degrees). 
C TH2 = Angle of emergence from surface normal (in degrees). 
C CNORM = Concentration (in 1E22 atoms/cc) by which the depth 
C profile is required to be normalised to 100. 
C 
N = NC? - NCI + 1 
REA0(8,31) (C0UNTS(n,l = 1.N) 
ATOM = FACT/NSUB 
WRITEO,;) 
WRITEO.IOO) 
WRITE(9,18) (XINF(I).1=1,40) 
WRITEO.IOO) 
WRITE(9,5) NCI.NC2.NS.NC1,NBACK1.NC2.NBACK2.NSUB 
WRITE(9.4A4) NH,NI.BIH.BII.FACT,CH.STEP.EZ,TH1,TH2 
WRITE(9.44B) CNORM 
WRITEO.IOO) 
WRITE(9,7) (C0UNTS(I),I«1.N) 
C 
C Subtraction of a linear background. 
C 
BACK = NBACK1 
SL = NBACK2 - NBACK1 
SL = SL/N 
DO 40 I = 1 .N 
COUNTS(I) = COUNTS(I) - BACK 
BACK = BACK • SL 
40 CONTINUE 
C 
C Calculation of counts corrected for energy dependence of 
C Scattering cross-section. 
C 
X = 3.141592654/180. 
TH1 = TH1*X 
TH2 = TH2*X 
ALFA = DC0S(TH2)/(DC0S(TH1) • DC0S(TH2)) 
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C 
C ALFA is the fraction of energy loss in the inward path, 
C 
M = NS - NCI • 1 
DO 26 I = 1 .M 
K = M - I 
El = (EZ - ALFA*K*CH)/EZ 
CNTS(I ) = C 0 U N T S { n * E l * E 1 
26 CONTINUE 
M1 = M • 1 
DO 28 I = M1 ,N 
CNTS(I) = COUNTS(I) 
28 CONTINUE 
C 
C CNTS are the corrected counts. 
C 
C Calculation of concentration profile. 
C 
SUM1 = 0. 
00 6 I = I.N 
CONC(I) = CNTS(I)*ATOM 
SUM1 = SUM1 + CNTSII) 
BIM(I) = BIH 
6 CONTINUE 
SUM1 = SUM1*CH*ATOM*BIH*0.01 
THICK -- SUM1/NI 
WRITEO. IOO) 
WRITE(9 .27) ( C N T S ( I ) , I = 1 . N ) 
WRITE(9 .8) SUM1.THICK 
WRITE(9,100) 
WRITE(9 ,9) ( C 0 N C ( I ) . I = 1 . N ) 
U R I T E O . I O O ) 
ATOM = ATOM*BIH 
C ITERATIONS BEGIN 
J = MS - NCI • 1 
J1 = NC2 - NS 
DO 13 IT = l.tOO 
SUM = 0. 
DO 10 I = 1,N 
X = 0.01*CONC(I)/NI 
IF(X.GT.I.O) X = 1.0 
ANN = (1. - X)*NH*100. 
B I M ( I ) = (CONC(I) • A N H ) / ( C O N C n ) / B I I • ANH/BIH) 
OLD( I ) = CONC(I) 
C O N C ( I ) '- C N T S ( I ) * A T O M / B I M ( I ) 
SUM = SUM • C0NC(I)*8IM(n 
ID CONTINUE 
SUM = SUM*CH*0.01 
THICK = SUM/NI 
DIFF = DA8S(0LD(t) - C0NC(1)) 
DO 15 II = 2,N 
X ^ 0A3S(OLD(II) - CONC(II)) 
IF(X.6T.DIFF) DIFF = X 
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15 CONTINUE 
IF(OIFF.LT.0.0005) 60 TO 16 
13 CONTINUE 
PRINT 999 
WRITE(9.999) 
DMAX = 0 . * 
SUM = 0. 
DO 70 I = t,N 
CALL TEST(CNTS(I),CONC{I).BIM{1).CCAL) 
SUM = SUM • CONCII)»BIM(n 
DIFF = DABSlCCAL-CNTSd)) 
IFIDIFF.LT.OMAX) GO TO 70 
DMAX = DIFF 
CNTM = CNTS(I) 
lOI = I 
70 CONTINUE 
SUM = SUM*CH*0.01 
THICK = SUM/NI 
WRITE(9.65) DMAX.CNTM.lOI 
S5 F0RMAT(5X.'MAXIMUM DIFF. s'.F7.3." COUNTS OUT OF',F10.3, 
1 • COUNTS IN CHANNEL NO.'.15,/) 
GO TO 71 
16 WR1TE(9.17) IT.DIFF 
71 OEPTHU) = 0. 
DO 11 I = 1,J1 
0EPTH{J*I) - DEPTH(J*I-1) - BIM(J*n*CH 
11 CONTINUE 
JM1 = J - 1 
DO 12 1 = l.JMI 
K = J - I 
DEPTHCK) = DEPTH(K*1) • BIM(K*1)*CH 
12 CONTINUE 
WRITE(9.100) 
WRITE{9.39} (BIM!n.I='1.N) 
ENDIF 
URITE(9,100) 
N3 = (N+2)/3 
NK = N/135 
MK = NK*135 
IF(MK.LT.N) NK 6 NK • 1 
11 = 1 
12 = 45 
IFIN3.LT.12) 12 = N3 
m ' 12 
N8 = 2*12 
DO 36 IN = 1,NK 
WRITEO.*) 
WRITE(9.100) 
WRITEI9.18) {XINF(I).I=1,40) 
NRITE(9,100) 
IF(.N0T.i(EY)60 TO 2025 
WRITEt9.2021) 
2021 FORMAT(5X.'PPHMX".6X,'PPHMN'.6X.'SPRATE'.6X,"STEP") 
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WRITE(9,1094)PPHMX.PPHMN.SPRATE.STEP 
1094 FORMAT(4(1X,F10.3) ,/) 
WRITE(3,2022) 
2022 FCRMATdX. 'NO. OF POINTS') 
WRITE(9,1095)N 
1095 F0RMAT{5X.15,/) 
WRITE(9.2023) 
2023 FORMAT(6X,'TIME',7X,'PPH',8X,"TIME',7X,'PPH') 
IF(KEY)WRITE(9,1096)(TIME(I),PPH(I) .IM.N) 
1096 FORMAT(Z(2(1X,F10.3))) 
2025 CONTINUE 
WRITE(9,100) 
WRITE(9.101) 
U R I T E O . I O O ) 
WRITE(9 .24) 
WRITEO. IOO) 
DO 23 I = 11,12 
WRITE(9,14) DEPTH(I).CONC(I).0EPTH(I+N4).CONC(I*N4).OEPTH(I*N6J. 
1 C0NC(I+N5) 
23 CONTINUE 
WRITEO, 100) 
11 = I2*N6+1 
N3 = N3 - 45 
N4 = 45 
IF(N3.LE.45) N4 = N3 
12 = II • N4 - 1 
N6 = N4*2 
36 CONTINUE 
IF(.N0T.KEY)WRITE{9.8) SUM.THICK 
WRITEO.IOO) 
Ml ^ OEPTH(N)/STEP 
M2 = DEPTH!1)/STEP 
IF(M1.GT.O) Ml = Ml • 1 
M = M2 - Ml • 1 
XD(1) = M2*STEP 
00 19 I = 2.M 
XD(I) = XD(I-I) - STEP 
19 CONTINUE 
SUM = 0. 
DO 20 I = 1,M 
DO 21 K = 1,N 
IF(XDil).LT.DEPTH(K)) 60 TO 21 
XCONCd! =^  CONC(K) • (X0( I )-DEPTH( K ) )* (C0NC(K-1 )-CONC(K)) / 
1 (DEPTH(K-I) - OEPTH(K)) 
60 TO 22 
21 CONTINUE 
12 SUM = SUM + XCONC(I) 
20 CONTINUE 
SUM -- SUM*STEP*0.01 
IF(.NOT.KEY)THICK = SUM/NI 
DO 32 I = 1.M 
K = M - I * 1 
CONC(K) = XCONC<I) 
19 f 
32 
25 
• 
37 
C 
C 
c 
3* 
DEPTH(K) = XOd) 
CONTINUE 
C0NC!M+1) = 0. 
C0NC(M+2) = 0. 
DEPTH(M+1) = 0. 
0EPTH(M+2) = 0. 
M3 = (M+2)/3 
MK = M/135 
NK - HK*135 
IF(NK.LT.M) MK ; MK • 1 
11 = 1 
12 = 45 
IF(M3.LT.I2) 12 - M3 
M4 = 12 
M6 = 2*12 
DO 37 IM = 1.MK 
WRITE(9.4) 
WRITE(S,100) 
WRITE(9,18) (XINFn).I = 1.40) 
WRITEO.IOO) 
WRITE!3.101) 
WRITEO.IOO) 
WRITEi9,24) 
WRITEO.IOO) 
DO 25 I = 11 .12 
WRITE! 9.14) OEPTH(I).CONC(I),0EP 
1 C0NCiI*M6) 
CONTINUE 
WRITEO, 100) 
11 = I2+M6+1 
M3 = M3 - 45 
M4 = 45 
IF(M3.LE.45) M4 = M3 
12 = n • M4 - 1 
M6 = M4*2 
CONTINUE 
IF(.N0T,KEY)WRITEO,8) SUM,THICK 
WRITEO.IOO) 
IF(KEY)CN0RM=1. 
Producing normalised profile 
DO 34 I = 1 ,M 
CON(I) = CONC(I)/CN0RM 
CONTINUE 
IF(KEY)GO TO 1099 
M3 ^ (M+2)/3 
HK = M/135 
NK = MK*135 
IF(NK.LT.M) MK = MK • 1 
11 = 1 
12 = 45 
\ 
w 
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I F ( M 3 . L T . I 2 ) 12 :: M3 
M ; = 12 
M6 =^  2 * 1 2 
DO 35 IM = 1,MK 
W R I T E ( 9 , 4 ) 
W R I T E ( 9 , 1 0 0 ) 
W R I T E ( 9 , 1 8 ) ( X I N F ( I ) . 1 = 1 . 4 0 ) 
W R I T E ( 9 , 1 0 0 ) 
W R I T E O , 1 0 2 ) CNORM 
W R I T E O . I O O ) 
W R I T E i 9 . 2 V ) 
W R I T E O . I O O ) 
DO 38 I = 1 1 . 1 2 
W R I T E O . 14 I 0 E P T H ( n , C 0 N ( I ) . 0 E P T H ( I + M 4 ) , C O N ( I + M 4 ) . 0 E P T H ( I * M 6 ) . 
1 C 0 N ( I + M 6 ) 
38 CONTINUE 
W R I T E O . I O O ) 
11 = I2*M6+1 
M3 = M3 - 45 
M4 = 45 
IF(M3.LE.45) M4 = M3 
12 -- II • M4 - 1 
M6 = M4*2 
35 CONTINUE 
C 
C Printing of data required for diffusion calculations. 
C 
WRITEO.4) 
WRITEO,445) M. STEP , DEPTH (1) 
WRITEO.447) (CONC(I) , I := 1 .M) 
1099 CONTINUE 
1 FORMAT(20A4) 
2 FORMAT(8F10.4) 
3 F 0 R h A T ( 1 6 I 5 ) 
4 FORMATdHI . / / / ) 
5 FORMAT!///.10X.'CHANNELS FROM '.13.' TO ',13.5X."SURFACE POSITION 
1 = ' . 14, • CHANNEL. ' ./.10X. 
2 'BACKGROUND COUNTS AT CHANNEL NO.',15,' =',I5,/, 
3 10X,"BACKGROUND COUNTS AT CHANNEL NO.',15,' ^',15,/. 
4 10X,'SUBSTRATE HEIGHT ^',15.' COUNTS.') 
7 F0RMAT(5X.'THE RAW SPECTRUM IS'.//,(5X.10F8.0)) 
8 . FORMAT!/,10X, "TOTAL AMOUNT =" .F 1 0 . 2 , '*(10**14) ATOMS/CM. SO.'/, 
1 10X,"EOUIVALENT IMPURITY THICKNESS =",F10.3," ANGSTROMS",) 
9 F0RMAT{5X.'CONCENTRATION PROFILE (10**20 AT./CO IN DILUTE IMPURI 
1TY APPROXIMATION :',/,(5X . 10F8.3)) 
14 FORMAT(5X,F8.1,F12.3,2(F13.1,F12.3)) 
17 FORMAT! 10X,'ITERATIONS USED =",13,5X,'MAXIMUM DIFFERENCE FROM PRE 
1VI0US ITERATION =' ,F8.4) 
18 F0RMAT!5X,20A4) 
24 FORMATISX,"DEPTH(A) CONC.'.7X."DEPTH(A) C0NC.'.7X, 
1 'DEPTH(A) C O N C " ) 
27 F0RMAT(5X,'THE SPECTRUM AFTER CORRECTING FOR BACKGROUND AND ENERG 
IV DEPEND. OF CROSS-SECT. IS'.//.(5X.10F8.U) 
201 
30 F0RMAT{5X.16F5.0) 
31 FORMAT(15F5.0) 
39 F0RMAT(5X,"S-FACTORS 
1 •./.(5X,10F8.3)) 
100 F0RMAT(5X",80(1H-)) 
101 F0RMAT(1X,/,5X,"CONCENTRATIONS 
1 PERCENT IN AES" ./) 
102 FORMAT(IX,/,18X,'CONCENTRATIONS 
1 •E22 ATOMS/CC. = 100. ' ./) 
U4 FORMATdOX. 'HOST CONC. = ',F6.2. 
1 10X,•IMPURITY CONC.(BULK) = ',F8. 
2 10X.BIH ^•,F7.2.' ANGSTROMS/KEY. 
3 lOX.'BII -^•.F7.2,' AN6STR0MS/KEV. 
4 10X.'FACTOR FOR CONC. CALCULATION 
5 10X.'CHANNEL WIDTH =', F8.4.' KEV 
6 10X."REGULAR STEP SIZE =', Ffi.2. 
7 10X,'INCIDENT ENERGY = ".FlO.a." KEV 
8 10X."INCIDENCE ANGLEIFROM NORMAL) =" 
9 10X."EMERGENCE ANGLE(FROM NORMAL) =' 
F0RMAT(5X.'NUMBER OF POINTS =".I5./. 
1 5X,"DEPTH STEP =".F10.2." ANGSTROMS' 
2 
445 
447 
448 
999 
C 
C 
C 
C 
C 
C 
C 
C 
139 
140 
C 
C 
C 
41 
43 
(ANGSTROMS/KEV.) FOR IMPURITY IN ALLOY ARE 
IN 1E20 ATOMS/CC. OR IN ATOM 
NORMALIZED TO" .F7.3, 
10**22 ATOMS/CC.' 
' 10**22 ATOMS/CC 
/. 
/. 
•,F8.3,/. 
./. 
ANGSTROMS."./. 
/. 
/. 
F7, 
F7. 
/. 
DEGREES' 
DEGREES' 
/. 
,/) 
5X."STARTING DEPTH =",F10.2.' ANGSTROMS'./) 
FORMAT(8F10.3) 
FORMATdOX. "PROFILE NORMALIZED TO" . F7 . 3 , " E22 ATOMS/CC = 100."./) 
IE 
F0RMAT(5X.'CONVERGENCE 
METHOD' ,/) 
NOT ACHIEVED ! SWITCHED OVER TO BRUTE FORC 
THIS PART OF THE PROGRAM IS ADDED TO CARRY OUT THICK FILM 
DIFFUSION ANALYSIS OF THE PROFILE. IF DESIRED. 
PRINT 139 
F0RMAT(5X,'PROFILE OBTAINED, WANT TO 00 ERROR FUNCTION ANALYSIS ( 
1YES/N0) ?'./) 
READ 140. IE 
F0RMAT(A1 ) 
IF( (lE.NE.IYD.AND. (IE.NE.IY2)) STOP 
CALCULATION OF INTERFACE DEPTH = XZ. 
Ml = M-1 
DO 41 I = 1,M1 
X = (C0N{I)-50.)*(CON(I+1)-50. ) 
IF(X.GT.O) GO TO 41 
IF(C0N(I+1).GT.C0N(I)) GO TO 41 
J = I 
GO TO 42 
CONTINUE 
PRINT 43 
F0RMAT(5X.'FAILED TO LOCATE INTERFACE'./) 
202 
STOP 
42 S = (C0N(J+1) - C0N{J))/(DEPTH(J+1) - DEPTH(J)) 
XZ = OEPTH{J) + (50. - CON(J))/S 
WRITE(S,4) 
WRITE(9.100) 
WRITE(9,18) (XINF(I).1^1,40) 
WRITEO. 100) 
WRITE(9.44) XZ 
PRINT 44. XZ 
44 F0RMAT(5X,'THE INTERFACE IS AT'. F8.1,' ANGSTROMS.",/) 
C 
C CONVERSION OF DEPTH TO X-XZ (DEPTH FROM INTERFACE). 
C 
DO 150 I = 1.M 
DEPTH(I) = DEPTH(I) - XZ 
150 CONTINUE 
K1 -. 0EPTH(1)/STEP 
K2 = OEPTH(M)/STEP 
IF(K1.6T.O) K1 = K1 • 1 
K = K2 - K1 • 1 
X0(1) = K1*STEP 
DO 151 I = 2,K 
XD(I) = XD(I-1) • STEP 
151 CONTINUE 
C 
C INTERPOLATION OF C0NCENT8ATI0H AT HFW DEPTHS. 
C 
DO 15? I =^  1 .K 
DO 153 J ^ 1 ,M 
IF(XD(I) .GT.DEPTH(J)) 60 TO 153 
XCONC(I) - CON(J) • (XO(I) - DEPTH(J))*(C0N{J-1) - CON(J))/ 
1 (DEPTH(J-I) - DEPTH(J)) 
GO TO 152 
153 CONTIHUF 
152 CONTINUE 
C 
C CALCULATION OF (X-XZ )/SORT(40T ) AT ALL THE POINTS. 
C 
PI -: 3.141592653 
SO ^ 2./DSQRT(PI) 
WRITEO.50) 
PRINT 50 
00 45 I -• 1 .K 
YERR(I) = 1. 
X = 0. ; 
CY = XCONC(I) 
IF(CY.6T.100.) CY = 100. 
IF(CY.LT.O. ) CY := 0. 
C 
C ITERATION BEGINS TO FIND THE ARGUMENT OF ERROR FUNCTION. 
C 
DO 146 J ^ 1,100 
XI ^ X 
203 
FX - OERF(X) - 1. + CY/GO. 
DFX - SQ*OEXP( -X*X) 
X ^ X - FX/DFX 
IF(0A8S(X-X1).LE.0.0001 ) 60 TO A7 
U 6 CONTINUE 
WRITE(9,;8) I 
PRINT 48,1 
48 F0RMAT(5X, CONVERGENCE NOT ACHIEVED FOR THE',I5,'-TH POINT") 
XBOT( 1 ) ^ 0 . 
GO TO 45 
47 XBDT( I) ^ X 
WRITE(9,49) I,XD(I).XBDT(I) ,XCONC(I) 
PRINT 49, I,XD(I),XBDT(I),XCONC( I) 
49 FORMAT!10X.I5,F15.1,2F1?.3) 
50 F0RMAT!?1X, ' (X-XZ) (AN6S) Y CONC.',/) 
45 CONTINUE 
51 PRINT 46 
46 FORMAT!///,5X, ' Do you want to fit straight line(yes/no) ">' J ) 
READ 140, IE 
IF((IE.NF.IY1).AND.(IE.NE.IY2)) GO TO 54 
PRINT 52 
52 FORMAT!5X,'Feed the SI. Nos. of points between which fit is requi 
ired',/) 
READ * , II .12 
CALL LINE!I1,12,SLOPE,CEPT.CSQ) 
SLS ^ 1 . / I S L 0 P E * S 1 0 P £ ) 
yi - CEPT * XDI II )*SLOPE 
Y? •'- CEPT + XD!I2)*SL0PE 
WRITE!9,53) 11 .I 2,SLOPE,CEPT,CSG,SLS , YI ,Y2 
PRINT 53, II,12,SLOPE.CEPT,CSQ,SLS,YI,Y2 
53 FORMAT!//,5X. 'PARAMETERS FOR STRAIGHT LINE FITTING BETWEEN',15, 
1 '-TH AN0',I5,'-TH POINTS ARE ; ' , / , 1 OX , ' SLOPE^^ ' , E 1 2 . 4 , ' INTERCEP 
2T ^',E12.4,' CHI--SQ. - ' , E 1 1 . 4 , / , 5X 'INVERSE Of SLOPE SQUARE ^', 
3 E13.5,5X,'Y1 ^•,F8.3,5X,'Y? =",F8.3) 
GO TO 51 
54 STOP 
END 
SUBROUTINE LINE!11.12.ALFA,BETA,CHI) 
IMPLICIT REAL*8!A-H.0-Z) 
COMMON/SUB 1/ TS,Y!500),X!500),Y£RR!500) 
DIMENSION YI!1100) 
N = 12 - n + 1 
CI '- 0. 
C2 --^ 0. 
C3 :: 0. 
C4 ^ 0. 
D1 :^  0. 
D2 •• 0. 
DO 2 I = II , 12 
YI!I) - 1 ./|YERRII)*YERR!I) ) 
2 CONTINUE 
DO 4 I ^ 11,12 
CI -- CI + X(I)*XII)*YI!I) 
204 
C? - C? + X(I)*VI(I) 
c; ^ c ; -^  Y K i ) 
D1 :: D1 + X(I)*Y(n*YI(I) 
D2 = 02 + Y(I)*VI(I) 
K CONTINUF 
3 FORMAT(8F10.4) 
C3 - C2 
DIN ^ C1«C4 - C2*C3 
ADIN ^ 1./DIN 
ALFA = (C;*01 - C2*02)*ADIN 
BETA. = (C\*0? - C3*0U*^0l« 
CHI :: 0. 
DO 6 I •= 11 .12 
ANUM -- ALFA*X!I) + BETA - Y d ) 
CHI ^ CHI t ANUM*ANUM*Yni) 
6 CONTINUE 
CHI = CHI/N 
RETURN 
END 
C 
SUBROUTINE TESTiCNTS,CONC,S,CCAL) 
IMPLICIT REAL*8(A-H.O-2) 
INTEGER** II,12 
COMMON /SUB2/FACT.BIH.BII.AT.AH.NSUQ 
ANI '- AI*100. 
ANH ^ AM*100. 
NI - ANI*t.5 
DIFF1 ^ 1.0E17 
IC ^ 1 
11 = 1 
12 -- NI/10 
IT :: 0 
STEP r 10 
20 DO 1 I ^ II , 12 
C ^ I*STEP 
X ^ C/ANI 
I F I X . G T . 1 1 X ^ 1 
8 = ( 1 .-X)«ANH 
BIM = (C+B)/(C/BII + B/BIH) 
COUNT ^ C*NSUB*BIM/(FACT*8IH) 
DIFF = DABS(COUNT - CNTS) 
IFIDIFF.GT.OIFFI) 60 TO 1 
DIFF1 :: DIFF 
IC = I j 
S - BIM < 
CCAL -= COUNT I 
CONC - C j 
1 CONTINUE I 
IT = IT+1 
GO T0(10.10.30),IT [ 
10 II =: (IC-1 )*100 I 
12 ^ (IC+1)*100 i 
STEP ^ STEP/100 I 
GO TO 20 
30 RETURN 
END 
205 
I \ 
206 
APPENDIX U 
PROGRAM FLMOIF 
DIFFUSION CALCULATION FIT TO FURNACE ANNEALED FILM DEPTH PROFILES, 
IMPLICIT REAL*8(A-H,0-Zi 
INTEGER*; ITAU 
CHARACTER*!? FNAME 
DIMENSION CEXP(200).CCAL(IOOO),CERR(200),CIN(200).CB(10001 
1 DL(50) .AKfSO).CPLOT(2001.DEPTH(200!,XD(100),ERFX(1 00 1 . 
2 DETF(IOO).CFOLD(200),CFPL(200j.ADL{50) 
DSQRT(X) 
GIVE FILE NAME FOR INPUT' 
9875 
C 
C 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
^•SEQUENTIAL" ) 
FOR OUTPUT' 
'PRINT' ) 
.AK 
DETF(IOO) 
SQRT(X) ^ 
PRINT *. 
PRINT 3876 
READ *, FNAME 
0PEN(8,FILE:=FNAME,ACCESS 
PRINT *, 'GIVE FILE NAME 
PRINT 9876 
READ *, FNAMF 
0PEN(9,FILE:=FNAME,ACCESS 
FORMAT!IX,/) 
TO PRINT INFORMATION REGARDING CALCULATIONS. 
READ!8,121) (ADL(I! , I= 1 ,40 ) 
READ(8,15) N.ND.NLAST.NFTI,NFT?.NS 
REA0(8, n 2F1 M.EPS.FWHM.CINT.TMAX 
READfS. 16) (DLII) , I =: 1 ,N0) 
N = NUMBER OF POINTS IN THE DIFFUSED PROFILE. 
ND - NUMBER OF D VALUES TO BE TRIED. 
NLAST - NUMBER OF LAYERS TO BE TAKEN IN THE NUMERICAL SOLUTION. 
NFT1,NFT? ^ POINTS BETWEEN WHICH CHI-SGUARE IS TO BE CALCULATED, 
NS ^ POSITION OF THE SURFACE. 
ZFLM FILM THICKNESS IN ANGSTROMS. 
EPS -  DEPTH STEP IN ANGSTROMS FOR NUMERICAL SOLUTION. 
FWHM ^ DETECTOR RESOLUTION (FWHM) IN UNITS OF 'EPS'. 
CINT - CONC.( 10**20 ATOMS/CO OF UNDIFFUSED FILM. 
TMAX ^ ANNEAL TIME IN SECONDS. 
DL(I) •- D VALUES TO BE USED IN CM* *2 / SECOND. 
OMEGA -- FWHM/2.354825 
READ THE PROFILE TO BE FITTED. 
READO, 
WfilTEO 
WRITEO 
WRITEO 
WRITEO 
WRITEO 
WRITEO 
WRITEO 
16) (CEXPd) , 1 = 1 ,N) 
100) 
110) 
115) 
100) 
122) (ADLd) , I-1 ,40) 
100) 
17) N,NO,NLAST,NFT1,NFT2,NS 
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WRITEO, 18) ZFLM.EPS.FWHH.CINT.TMAX 
C CALCULATE INITIAL NO. OF LAYERS. 
NPT r ZFLM/EPS * 0.5 
NS1 •- NS - 1 
FNORM :: ZFLM/(EPS*NPT) 
NPT ; NPT + NS1 
NPTl ^ NPT • 1 
SUM2 - 0. 
DO 2? I = 1 ,N 
22 SUM2 - SUM2 + CEXP(I) 
SUM2 = SUM?*F.P3*0.01 
WRITEO, 1 t2) 
WRITE ( 9 , n o (CFXPd ) , I--1 ,N) 
WRITE(9,?3) SUM2 
WRITE(9 , 100) 
NMNF -  NFT2 - NFT1 O 
DO 3 1 - NS.NPT 
CINd) ^ CINT 
TIN = TIN • CIN(I) 
3 CONTINUE 
TIN -  TrN*rNORM*EPS*0.0» 
DO 4 I •: 1 ,N 
CERR(I) - 1. 
i CONTINUE 
WRITEO ,111) 
WRITEO,2) (CINd) , I=NS,NPT) 
WRITEO,23) TIN 
WRITEO, 100) 
WRITEO, 113) 
WRITEO,2) (CERRd) , 1 = 1 .N) 
WRITEO, 100) 
C 
C EVALUATION OF THE DETECTOR FUNCTION 
C 
NDET :: 8.*OME6A+0.5 
NDET1 -  NDET • 1 
NNDET :^  NDET • NLAST 
FO = 1./(0ME6A*SQRT(2.)) 
XD( 1 ) ^  -0.5*FD 
00 300 I = 2,NDET1 
300 XD( I ) ^  XDd-1 ) + FD 
00 301 I ^  1,NDET1 
301 ERFXd) -- OFRF(XDd)) 
DO 302 I - 1,NOET 
302 OETFd) -  0.5*(ERFXd+1 ) - ERFXd)) 
WRITEO, 3 03) FWHM, ( DETF ( I ) , I ^  1 . NDET ) 
WRITEO ,100) 
C DIFFUSION CALCULATION FOLLOWS 
CHIP = 1 .OE 10 
DPLOT = DL(1) 
Nl ^ NLAST - 1 
DO 307 I ^  1 ,NlAST 
307 CCALd) :: 0. 
208 
EPSS -- FPS*EPS 
DO 1000 ID-1,ND 
WRITE(9,1?0) 
01 - 0L(ID)*1.00 18 
ITAU = (EPSS*;.)/D1 
TAU = ITAU*0.1 
IFITAU.GT. 100) TAU •- 100. 
IFdAU.LT.O. 1 ) TAU -- (EPSS*0.U/D1 
F ^ D1*TAU/EPSS 
C INITIALIZING THE PROFILE. 
DO 5 I = NS.NPT 
5 CB(I) ^  CIN(I) 
DO 6 I :^  NPT1 .NLAST 
6 CBII) ^ 0. 
T = 0. 
C LOOP FOR CHANGING TIME BEGINS. 
C EVALUATION OF THE CURRENT MELT DEPTH 
ITMAX - TMAX/TAU • 0.5 
DO 7 IT ^ 1,ITMAX 
T .^  T + TAU 
C CALCULATION OF CONCENTRATION AT ALL THE LAYERS. 
NSP1 :: NS + 1 
CCAL(NS) -- CB(NS) * F*(CB(NSP1) - CB(NS)) 
DO 8 I :^  NSP1 ,N1 
IM1 ^  I - 1 
IP1 := I • 1 
CCAL(I) = CD(I) + F*(CB(IM1)- 2.*CB(I) * CB(IPI)) 
8 CONTINUE 
9 00 13 J = NS, NLAST 
CB(J) ^ CCAL(J) 
13 CONTINUE 
7 CONTINUE 
C TO NORMALIZE THE CALCULATED PROFILE. 
TCAL =^  0. 
DO 21 I - NS,NLAST 
CCAL{I)^CCAL(I)*FNORM 
21 TCAL -- TCAL + CCAL ( I ) 
C 
C TO GIVE WARNING IF THE BOUNDARY (NLAST) IS NOT PROPER. 
C 
IFICCALINLAST).GT.0.001 ) PRINT *, WARNING ! INCREASE NLAST 
C TO FOLD THE CALCULATED PROFILE WITH THE DETECTOR FUNCTION 
TCALF -- 0. 
00 304 I ^ 1,NLAST 
C F O L O d ) =^ 0. 
00 305 J = 1,NNDET 
MJI -^  lABS(I-J) • 1 
DM = 0. 
IF{KJI.LE.NDET) DM ^ DETF(MJI) 
305 C F O L D d ) ^ CFOLD!!) • CCAL(J)*DM 
304 TCALF - TCALF • CFOLD( I ) 
CHI = 0. 
DO 11 J = NFT1.NFT2 
209 
X - (CFOLD(J)-CEXP(J))/CERR(J) 
CHI -- CHI • X*X 
11 CONTINUE 
CHI -= CHI/NMNF 
TCAL '- TCAL*EPS*0.01 
TCALF ^ TCALF*EPS*0.01 
WRITE(9,12) DL(ID).T.CHI 
WRITE(9,2) (CCAL(J),J^1.N) 
WRITE(9.103) TCAL.TAU 
WRITE(9,306) 
WRITE!9,?) (CFOLD(J),J-1,N) 
WRITE(9,23) TCALF 
W R I T E O , 100) 
IFICHI.GT.CHIP) 60 TO 1001 
CHIP ^ CHI 
DPLOT -- OL(ID) 
DO 25 J ^ I.N 
CFPL(J) -• CFOLOIJ) 
CPLOT(J) -- CCAL(J) 
25 CONTINUE 
1001 CONTINUE 
1000 CONTINUE ' 
D E P T H d ) -- -NS1*EPS 
DO 26 I :^  2.N 
D E P T H d ) -- DEPTH! 1-1 ) + EPS 
26 CONTINUE 
W R I T E O , 3 0 ) OPLOT.CHIP 
2 FORMAT!10X,10F8.3) 
1 F0RMAT!8F10.; ) 
12 FORMAT! lOX, 'CHI-SQ. FOR D =^  ' . E 1 0 . 3 , ' CM-2/SEC AFTER ". 
1 F6.1.' SECONDS IS'.E12.5,/.1 OX.'CORRESPONDING UNFOLDED PROFILE IS 
2' ) 
15 F0RMATI16I5) 
16 FORMAT!8E10.3) 
17 FORMAT! / . 1 OX . " N . NO , NLAST . NFT 1 , NFT2 . NS -^',816) 
18 FORMAT!/, 10X. 'ZFLM,EPS,FWHM.CINT.TMAX =^ ' , / . 1 OX . 7F 1 0 . 4 ) 
23 FORMAT!/. 10X, 'TOTAL AMOUNT --' , F 1 0 . 3 , ' 1 0 * * U ATOMS/CM. SQ .' ) 
30 FORMAT!//, 10X, MINIMUM CHI-SQ, FOR D -• ' , E 1 0 . 3 . ' CM-2/SEC . ' , 3X . 
1 'CHI-SQ. ^',E12.5) 
100 FORMAT! IX, 117! '- ' ) ) 
103 FORMAT!/, 10X, 'TOTAL AMOUNT ='.F10.3,' TAU USED =',F8.3,' SECONDS' 
1 ) 
110 F0RMAT11H1) 
111 FORMAT!/.10X. 'THE INITIAL PROFILE IS',/) 
112 FORMAT!/,10X,'THE DIFFUSED PROFILE IS'./) 
113 FORMAT!/,10X.'THE EXPERIMENTAL ERRORS ARE'./) 
1 U FORMAT!10X, 10F8.3) 
115 FORMAT!1X,/////) 
116 FORMAT!8F10.3) 
120 F0RMAT!1X,/) 
121 F O R M A T ! 2 0 A ; ) 
122 FORMAT!/,10X,20AA) 
303 FORMAT!10X.'THE DETECTOR FUNCTION FOR FWHM ^',F6.2,' CHANNELS IS' 
210 
1 ,/,(10X,ioFe.4)) 
306 FOPMAT(/.10X,'THE 
1 • , / l 
STOP 
END 
PROFILE AFTER FOLDING WITH DETECTOR FUNCTION IS 
211 
APPENDIX III 
20 
31 
21 
23 
1 
22 
IMPLICIT REAL*8(A-H,0-Z) 
DIMENSION YI(1100),X(200) 
CHARACTER*80 TITLf 
ALOG(T) ^ Dl.OG(T) 
EXP(T) - DEXP(T) 
S Q R T H ) - DSORT(T) 
ALOGIO(T) = 0LOG10(T) 
0PEN(9.FJLE='0-DTFIT 
WRITE/9,20) 
FORMAT!1H1 ) 
,Y|?00),YCRfi(?00),TEMP(200) .D(200) 
ACCESS ^'PRINT' ) 
PRINT * 
PRINT * 
READ *, 
IFtN.EQ 
W R I T E O 
FORMAT! 
READ *, 
WAITING FOR DATA 
N 
.0) GO TO 30 
,21) 
IX,///) 
TITLE 
WRITF(9,?3) 
WRITE!9,*) TITLE 
WRITE19,23) 
FORMAT!IX,70!'-' ) ) 
DO 1 I ^ 1,N 
READ *, TEMP!!),011) 
WRIT£I9,2?) TEMPII), 
X!I) - 1./TEMP!I) 
Y!!) - ALOGIDIIJ) 
YI!IJ - 1. 
IF!YERR!I ) 
CONTINUE 
FORMAT!10X 
YERR(I) 
Oil), YERR!I) 
.NE.O) YI!I) - 1 ./lYERR!n*YERR(I)) 
F 7 . 2 , E 1 5 F10.3) 
CI :- 0. 
C? - 0. 
C3 ^ 0. 
C4 -- 0. 
D1 = 0. 
D? = 0. 
00 ; I - 1 .N 
CI -• C1 
C2 ^ C2 
C4 ^ C4 
01 - D1 
D2 -: 02 
CONTINUE 
FORMAT!6Fia.4) 
X | 1 ) * X ! I ) * Y I I I ) 
X ( I ) * Y H I ) 
YI!I) 
X ! I ) * Y | I ) * Y I I I ) 
Yl I)*YI!I) 
C3 = 
D I N -• 
ADIN 
ALFA 
BETA 
C2 
ci*c; -
= 1 . / DIN 
- lc;*Di 
- !C1*D2 
C2»C3 
- C2*D2)*ADIN 
- C3»D1)«A0IN 
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30 
ERALF 
ERBET 
CHI -
S t -•• 
s? -
CHI2 
DO 6 
SI -
s? --
ANUM 
CHI --
CHI2 
CONTI 
SY --
CHI --
DEL --
EA --
EB :: 
Q '- -
DZ -
DQ1 -
DDZ1 
DQ2 = 
DDZ2 
PRINT 
WRITE 
PRINT 
WRITE 
PRINT 
WRITE 
PRINT 
WRITE 
PRINT 
WRITE 
D1 ~-
02 --
ALD1 
ALD2 
PRINT 
WRITE 
PRINT 
WRITE 
PRINT 
WRITE 
PRINT 
WRITE 
GO TO 
STOP 
END 
A • 
A • 
0 
0. 
0. 
I 
SI 
S2 
SQRT(C;*AOIN) 
SORT(C1*A0IN) 
NU 
CH 
C 
N 
SQ 
SO 
(A 
EX 
( 
( 
(9 
* 
(S 
* 
(9 
* 
(9 
t 
(9 
DZ 
OZ 
0. 
•-• 1 , N 
• X(I)*X(I) 
+ X(I) 
ALFA*X(I) + BETA - Y d ) 
HI + ANUM*ANUM*YI(I) 
CHI2 + ANUM*ANUM 
E 
I2/(N-2) 
HI/N 
*S1 - S2*S2 
RT(N*SY/DEL) 
RT(SY*S1/0EL) 
LFA*0.8622)*1.OE-04 
P(BETA) 
ERALFA*0.0622)'»1 .OE-04 
ERBETA»DZ 
FA*0.8G22)*1.OE-O; 
EB*DZ 
CHI-SQUARE FOR FIT --
*) CHI-SQUARE FOR FIT 
CHI 
' , CHI 
*) 
D-ZERO - DZ Q = 
*) ' 
*EXP( 
*EXP( 
AL061 
AL0G1 
*) 
D-ZERO := • , OZ, • 
DELTA-D2 =' , 0DZ1 , ' 
DELTA-DZ '.' , 0DZ1 , 
DELTA-DZ =•, D0Z2. ' 
OELTA-DZ -•, 0DZ2. 
-Q*X(1)/0.6622E-04i 
-Q*X(N)/0.8622E-0;) 
0(01 ) 
0(D2) 
D AT TEMP.-1 ^•. D1, ' 
0 AT TEMP.-1 --' . 01 . 
D AT TEMP.-N ^', 02, ' 
D AT TEMP.-N '-' , 02, 
1/TEMP-1 = • , X ( 1 ) , ' 
1/TEMP-1 = • , X ( 1 ) , • 
Q - , 0 
DELTA-Q =• 
DELTA-Q : 
DELTA-Q =•' 
OELTA-Q 
DQ1 
, DQ1 
DQ2 
. 0Q2 
ITS ALOG10 -•, ALD1 
ITS AL0610 ='. ALD1 
ITS ALOG10 =', ALD2 
ITS ALOG10 =', ALD2 
1/TEMP-N =•, X(N) 
1/TEMP-N =', X(N) 
